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Abstract 
 
 There is great interest in the development of new polar dielectric ceramics 
and multiferroic materials with new and improved properties. A family of 
tetragonal tungsten bronze (TTB) relaxors of composition Ba6M3+Nb9O30 (M3+ = 
Ga3+, Sc3+ and In3+, and also their solid solutions) were studied in an attempt to 
understand their dielectric properties to enable design of novel polar TTB 
materials.  
 A combination of electrical measurements (dielectric and impedance 
spectroscopy) and powder diffraction (X-ray and neutron) studies as a function of 
temperature was employed for characterising the dynamic dipole response in these 
materials. The effect of B-site doping on fundamental dipolar relaxation parameters 
were investigated by independently fitting the dielectric permittivity to the Vogel-
Fulcher (VF) model, and the dielectric loss to Universal Dielectric Response (UDR) 
and Arrhenius models. These studies showed an increase in the characteristic 
dipole freezing temperature (Tf) with increase B-cation radius. Crystallographic 
data indicated a corresponding maximum in tetragonal strain at Tf, consistent with 
the slowing and eventual freezing of dipoles. In addition, the B1 crystallographic 
site was shown to be most active in terms of the dipolar response. 
A more in-depth analysis of the relaxor behaviour of these materials 
revealed that, with the stepwise increase in the ionic radius of the M3+ cation on the 
B-site within the Sc-In solid solution series, the Vogel-Fulcher curves (lnf vs. Tm) are 
displaced to higher temperatures, while the degree of relaxor behaviour (frequency 
dependence) increases. Unfortunately, additional features appear in the dielectric 
spectroscopy data, dramatically affecting the Vogel-Fulcher fitting parameters. A 
parametric study of the reproducibility of acquisition and analysis of dielectric data 
was therefore carried out. The applicability of the Vogel-Fulcher expression to fit 
dielectric permittivity data was investigated, from the simple unrestricted (“free”) 
fit to a wider range of imposed values for the VF relaxation parameters that fit with 
high accuracy the experimental data. The reproducibility of the dielectric data and 
the relaxation parameters obtained by VF fitting were shown to be highly sensitive 
to the thermal history of samples and also the conditions during dielectric data 
acquisition (i.e., heating/cooling rate). In contrast, UDR analysis of the dielectric 
loss data provided far more reproducible results, and to an extent was able to 
partially deconvolute the additional relaxation processes present in these materials. 
The exact nature of these additional relaxations is not yet fully understood. 
It was concluded application of the Vogel-Fulcher model should be 
undertaken with great care. The UDR model may represent a feasible alternative to 
the evaluation of fundamental relaxation parameters, and a step forward towards 
the understanding of the dielectric processes in tetragonal tungsten bronzes. 
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Chapter 1 
 
Introduction and Background 
 
 
1.1 Brief background on ceramics, with focus on electroceramics 
 
Inorganic materials are a broad class of materials with various types of 
applications, and generally used on a large scale mainly in: industry, 
construction, decorative objects, and high-level technology devices. These 
materials therefore have a direct effect on our every-day life. They are divided 
in two main categories: crystalline and amorphous. The amorphous materials 
do not possess long range structural order, while crystalline materials are 
composed of atoms or molecules in a certain array and periodicity. 
Ceramic materials may be defined as inorganic non-molecular materials, 
excluding metals. The most common method to prepare ceramic materials is the 
solid state reaction procedure (SSR) – also known as the ceramic method, where 
reagents are fired to high temperatures. Soft-route methods are sometimes 
possible to replace SSR, but they can be more complicated and time-consuming. 
Ceramics are usually obtained as powders or sometimes directly as dense bulk 
materials/monoliths (already sintered). 
Most ceramics are oxides, but the same class comprises also: silicides, 
nitrides, oxynitrides, hydrides, etc. The conventional or “traditional” ceramics 
are essentially clay based materials, cements or silicates, which are used in 
utility applications such as: brickwork, drainage pipes, and other structural uses 
on one hand, or for porcelain and other decorative fine objects on the other 
hand [1]. Another class is represented by glass-ceramics: reinforced glasses, 
amorphous or amorphous-crystalline materials for medical use [2]. Also, 
engineering ceramics are important because of their mechanical properties and 
are used in order to extend the available operating range to metallic 
components in terms of their thermal stability and extreme hardness [1]; of 
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these, the relevant ones are: hard surface coating on metallic components, inert 
high-temperature components, high-speed cutting-tool instruments and 
abrasives [1]. 
Probably the most interesting of ceramic materials, however, are the 
electroceramics which have useful electrical, optical and magnetic properties. 
Electroceramics are used for various applications, as insulators, 
capacitors, temperature sensors and varistors, gas sensors, ionic electrolytes in 
fuel cell and rechargeable battery applications [1,3].  
Generally, electroceramics are chemically inert materials, hard, brittle, 
thermal and electronic insulators. As function of their electrical conductivity (σ), 
electroceramics are classified in [3] as: 
- insulators (dielectrics): σ < 10-22 Ω-1·cm-1 (i.e. Al2O3) 
- ionic conductors: σ ~ 10-2 Ω-1·cm-1 (i.e. AgI) 
- electronic semiconductors: σ ~ 100 Ω-1·cm-1 (i.e. SiC) 
- electronic conductors: σ > 103 Ω-1·cm-1 (i.e. TiN) 
- electronic superconductors: σ → ∞ Ω-1·cm-1 (i.e. YBa2Cu3O7-x). 
Usually, they are single phase materials and many of their properties are 
related to the fabrication process; shrinkage occurs during thermally stimulated 
reactions when complex heating cycles are used, and the production of a 
certain-shaped and precise-sized ceramic object remains a considerable problem 
[1].  
In order to characterize ceramic materials, three aspects must be 
primarily understood: chemical bonding, crystal structure and ceramic 
microstructure [1,4]. There are several possible ways to describe the crystal 
structure (unit cell) in terms of space-filling hard spheres (e.g. close-packing), 
ball and stick, or polyhedral connectivity. Microstructure refers to the smallest 
particles and to which high-quality microscopes are sensitive. Those are the 
individual crystallites, known as grains. In order to adjust technological 
conditions to prepare electroceramic materials, microstructure (grain 
homogeneity, grain morphology – shape and size, grain orientation, grain 
boundaries) must be determined and understood.  
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Moreover, imperfections and defects affect all sorts of properties, by 
changing electrical behaviour, creating dislocations and finally producing 
mechanical failure. 
 
1.2 Dielectric, ferroelectric and relaxor properties and materials 
 
1.2.1 Dielectric materials and properties  
 
1.2.1.1 Insulators 
The most common electroceramic materials, like the case of many oxides 
(i.e. MgO) or most polymers (i.e. polyethylene), are electrical insulators 
(dielectrics). However, it is possible to dope them with appropriate cations in 
order to make them semiconductors or even conductors [1].  
Insulators are chemical compounds that have the outer shell electrons 
blocked in either strong covalent bonds or are restricted to close regions to an 
atomic nucleus (if the case of an ionic compound), and are unable to move 
through the structure in order to facilitate electrical conduction [1].  
Generally in dielectrics, the valence band is full. The next energy band is 
separated by a large forbidden band gap. As the forbidden band gap is larger, 
fewer electrons from the valence band have enough thermal energy to pass into 
the conduction band and thus, such materials are very good insulators.  
Insulating materials are often referred as dielectrics, with the only 
mention that the term “insulator” is generally used to indicate electrical 
obstruction while the term “dielectric” is used to indicate the material capacity to 
store energy, i.e., to become polarised under an applied field. 
 
1.2.1.2 A dielectric, the electric dipole and the dielectric polarisation 
 In the last century and a half, many scientist and engineers were 
fascinated by the electrical properties of dielectrics and focused their research 
for developing new chemical compositions and materials that are usefully 
employed in a variety of applications. These novel dielectric materials were 
Chapter 1 – Introduction and Background 
 - 4 -
extensively studied and characterized [5] and the interest became even more 
intense in the last decades when significant progress was reached [6]. 
 A dielectric may be described as an electrical insulator that can be 
polarised by an applied electric field, with no long-range charge transport, but 
only a limited rearrangement such that the material acquires an electric dipole 
moment – Figure 1.1 [7].  
 When applying an external electric field, E0, the negative charges and the 
positive charges will be experience forces acting in opposite directions. The 
positive nuclei are displaced towards the imposed electric field and the negative 
electrons shift in the opposite direction (Figure 1.1b). The extent of the relative 
displacement is direct proportional to the binding energy of the electrons, to the 
mass of the atomic nuclei and to the intensity of the applied electric field [1].  
 This displacement results in the formation of internal electric dipoles – 
Figure 1.1b [1]. Electric dipoles are constituted of two equal and opposite point 
charges, which are separated by a distance r – Figure 1.1c [1]. The electric dipole 
moment is a vector that runs from the negative to the positive charge, and is 
defined by: 
 p = q × r (1.1) 
where q is the charge of the electric dipole. 
 
 
Figure 1.1 The gravity centre of the positive and negative charges within an atom, in absence of 
an electric field (a) and in the presence of an electric field creating a dipole (b). The electric 
dipole consists of two equal and opposite charges separated by distance, r (c) [1]. 
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 The electric dipole moments add together, resulting in charging the 
opposite surfaces of the material positively, and respectively negatively – 
Figure 1.2. The material becomes polarised, and the physical quantity that 
describes this phenomenon is termed polarisation. The dielectric polarisation, 
P, of the dielectric is a vector defined as the electric dipole moment per unit 
volume, and can vary from region to region. The polarisation vector has the 
same direction and orientation with the applied electric field, E0, from the 
positive charged surface to the negative charged one – Figure 1.2.  
 
Figure 1.2 The surface charging under an applied electric field, E0,  
as a result of the formation of internal dipoles [1]. 
 
 For a solid material which is uniform in all directions (has linear 
properties), the dielectric polarisation P is proportional to the intensity of the 
applied electric field [1]: 
 P = ε0 χ E0 (1.2) 
where χ is the dielectric susceptibility of the material, and ε0 is the permittivity 
of the free space (8.85418 × 10-12 F·m-1). 
 At normal values for the intensity of the electric field, the relation 
between the dielectric susceptibility and the relative permittivity, εr, of the 
material: χ = (εr - 1). 
 Since the dielectric susceptibility cannot be directly measured, the 
relative permittivity is preferred because it can be extracted from capacitance 
measurements. Therefore, the dielectric polarisation becomes: 
 P = (εr - 1) ε0 E0 (1.3) 
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1.2.1.3 Lorenz field and the relative dielectric permittivity 
The displacement of atoms and their surrounding electron cloud, as a 
result of the dielectric polarisation, when the dielectric material is subjected to 
an external electric field, E0, creates an opposite field which tends to cancel 
partially the imposed one.  
An individual atom or ion is not directly subjected to an external applied 
electric field (E0), but to a local one (EL) that has a very different value [7]. This 
local electric field, EL, includes contributions from the internal fields arising 
from induced and permanent dipoles within the structure [1]. 
  An applied external electric field induces uniform polarisation an 
ellipsoidal solid, and on the other hand, the uniform polarisation produces a 
uniform depolarisation field inside the body of the material [8]. The 
depolarising field, Edp, arising from the polarisation charges on the external 
surfaces, may be exactly calculated [7]. This depolarisation field may be 
reduced to zero either by working with a long specimen or by making an 
electrical connection between the electrodes of the opposite surfaces of the 
material [8].  
 It was, however, understood that this macroscopic field, Em, resulting as 
the summation between E0 and Edp (Em = E0 + Edp) – Figure 1.3, is rather 
different than the real local field EL, since the first is true only if the solid 
dielectric would be considered a continuum. 
 
 
Figure 1.3 The local electric field in a dielectric [7]. 
 
 The local field, EL, also known as the Lorenz field, is dependent on the 
atomic nature of the material, therefore it must include the contribution of the 
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adjacent individual dipoles and of the charges in their displaced positions [7]. 
Considering a spherical region within the dielectric, the radius is chosen so that 
as viewed from the point X, the external region to the spherical boundary is 
regarded as a continuum, while within the boundary, the atomic nature of the 
dielectric is discontinuous [7]. Lorenz calculated EL as the sum of the external 
electric field and of the field from the dipoles within the specimen. The dipole 
field may be decomposed into individual dipole fields, EL being obtained as 
follows [7,8]:  
 EL = E0 + Edp + Ep + Ed (1.4) 
 EL = Em + Ep + Ed (1.5) 
where Ep is the contribution from the polarisation charges at the surface of the 
spherical cavity (Lorenz cavity field) and Ed is the field produced by the dipoles 
within the boundary  inside the cavity – Figure 1.4 [7,8]. 
 
 
Figure 1.4 The local electric field in a dielectric, indicating also the internal electric fields  
due to polarisation charges of dipoles, inside and outside of a spherical cavity [7,8]. 
 
 The contribution of the Edp + Ep + Ed to the local field at one atom is 
caused by the dipole moments of all other atoms in the material [8].  
 It was shown that Ep is equal to P/(3ε0), while Ed has to be calculated 
for each chosen material and for each site within the material. For certain 
crystals of high symmetry and glasses, Ed = 0, if all atoms may be replaced 
by point dipoles parallel to each other [7,8]. 
 The total field acting at an atom or ion of an isotropic insulator such as 
a gas, glass or a crystal with cubic symmetry is uniform everywhere and is 
given by the Lorenz relation [1,7]: 
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 EL = E0 + Edp + P/(3ε0) (1.6) 
 EL = Em + γP (1.7) 
where γ is the internal field constant.  
 If applying an electric field between the two plates when separated only 
by vacuum (Figure 1.5a), they carry a surface charge density σ, described by the 
following relation:   
 E = σ/ε0 (1.8) 
  
 
Figure 1.5 Accumulation of charges on the metal plates of a capacitor when an 
electric field, E0, with its voltage, V, is applied. Under vacuum (a) and when a dielectric  
is placed between the plates, favouring the charge stored to increase by a factor of k, where 
k is also known as the relative permittivity (b) [1]. 
 
 By filling the space between two parallel plates of a capacitor with a 
dielectric material (Figure 1.5b), it is possible to develop important relations. 
When applying an electric field, the polarisation charge density appearing on 
the surfaces of the dielectric, σp, is compensating partially the total charge 
density carried by the plates, σT, therefore the effective density that gives rise to 
E is reduced to (σT- σp) – equation 1.9 [7]. 
 E = (σT- σp)/ε0 (1.9) 
 In general, the polarisation charge density appearing on the surfaces of 
the dielectric σp is equal to the magnitude of the polarisation P and the total 
charge density σT is equivalent to the magnitude of the dielectric displacement, 
D. It results that: 
 D = ε0E + P (1.10) 
  
 From equations 1.2, 1.3 and 1.10 it follows that: 
 D = εrε0E (1.11) 
 D = εE (1.12) 
since εrε0 = ε (dielectric permittivity of the material). 
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 As a consequence, it is possible to store charge on the capacitor plates, 
therefore these dielectric materials have became invaluably useful materials in 
the electronic industry [9,10]. 
 Since the total charge density σT is equal to q/A (where q is the total 
charge stored on the capacitor plates and A is the area of the capacitor plate) 
and the intensity of the electric field intensity E is equal to V/d (where V is the 
applied voltage and d is the distance between the capacitor plates), the relation 
1.11 becomes: 
 q/A =  εrε0V/d (1.13) 
or 
 q/V =  εrε0A/d (1.14) 
The stored charge (q) on each plate is a function of capacitance (C) and applied 
voltage (V): 
 q =  C·V (1.15) 
 
 It results that the capacitance may be obtained by the following relations: 
 C =  εrε0A/d (1.16) 
 C =  εA/d (1.17) 
However, the capacitance of the free space, C0, (for vacuum, air) is equal to: 
 C0 =  ε0A/d (1.18) 
By this, the relative permittivity, εr, of a dielectric material can be determined as 
follows:  
 εr =  C/C0 (1.19) 
 
 The relative electrical permittivity, εr, is a physical quantity which 
describes the capacity of a material, when subjected to an external electric field, 
to polarize and reduce the electric field inside itself. It can be easily extracted 
from capacitance measurements [11]. For air, εr =1, for most ionic solid 
dielectrics, εr = 5-10, and for polar dielectrics like ferroelectrics, εr = 103-104 (e.g., 
BaTiO3). 
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1.2.1.4 Electric polarisability, polarisation mechanisms and complex dielectric 
permittivity 
 The mean properties of a dielectric material are described by equations 
1.2, 1.3, 1.11 and 1.12. However, the macroscopic polarisation, P, of the bulk 
material when the last is placed in an electric field has a microscopic origin of 
individual polarisations [1,12], which is the sum of all the individual dipole 
moments pj of the material with the volume dipole density Nj: 
   j
j
j pNP ∑=  (1.20) 
 For finding the correlation between the macroscopic polarisation and the 
microscopic dielectric properties of the material, a single polarisable particle is 
considered [12].  
 The dielectric material becomes polarised, causing the dielectric 
polarisation which is a result of the polarisability of the constituent parts of the 
material. Electric polarisability is the relative tendency of a charge distribution 
to be distorted from its normal position by application of an external applied 
electric field, but may also be caused by the presence of a nearby ion or other 
dipole. 
 The electric dipole moment induced in a constituent particle, pj, is 
proportional to the polarisability of this particle, αj, and to the local electric field, 
EL, acting on it – equation 1.21. 
   Lj Ep α=  (1.21) 
 Besides the external applied electric field, E0, the total local electric field 
within a material, EL, other fields corresponding to various electric dipoles 
contribute; some are permanent dipoles, while others are temporary dipoles 
induced by the external applied electric field [1]. 
 Since in condensed matter the interactions between the microscopic 
dipoles are quite high, the local electric field, EL, at the position of a particular 
dipole is given by the superposition of the applied macroscopic field, E0, and 
the sum of the other dipole fields [12]. Therefore, for all constituent particles, Nj, 
it is possible to write the total polarisation as: 
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   Lj
j
j ENP α∑=  (1.22) 
where the local electric field, EL, may be different from site to site in the 
material. 
 The total polarisability of the bulk of a dielectric material, αtot, is 
composed by several separate polarisation contributions. Generally, there are 
four main polarisation mechanisms which contribute to the total dielectric 
response [1,7,12]: 
- the atomic or electronic polarisability (αe) is the displacement of electron 
cloud relatively to the nucleus within an atom. In an electric field, the 
negative charges become polarised and their centre is no longer 
coincident with the one of the positive nuclear charges, inducing 
therefore the formation of an electric dipole [1]. The electronic 
polarisability, αe, is proportional to the volume of the electronic shell, 
therefore, the larger atoms have a large electronic polarisability that 
generally is temperature-independent [1,12]. 
- the ionic polarisability (αi) is the displacement of charged positive and 
negative ions within a crystal, in an electric field [1,12]. 
- the dipolar or orientational polarisability (αd), describes the alignment of 
permanent dipoles (e.g., within molecules, like for example the case of 
water, or displaced ions in the case of ionic solids), when a electric field 
is applied. The preferred orientation along the direction of the applied 
electric field is perturbed, however, by the thermal movement. Since in 
solids the movement of molecules is practically restricted, this 
polarisation is more often present in liquids and solids [1,7,12]. 
- the space charge polarisability (αs) occurs in materials which show spatial 
inhomogeneities that contain free charges that can become mobile under 
the influence of an applied electric, field [1,12]. The positive space 
charges are moving towards one electrode and the negative space 
charges towards the other electrode, until the transport of charge carriers 
is limited by a potential barrier such as a grain boundary or a phase 
boundary [7]. In the region of the electrodes, the accumulation of 
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polarised space charges inhibits the further movement of the rest as the 
population equilibrium is reached [1]. 
   αtot = αe + αi + αd + αs  (1.23) 
 These four polarisation mechanisms are presented in Figure 1.6. 
 Besides these contributions, other ones like the domain wall polarisation 
(decisive for ferroelectrics – motion of the domain wall that separates regions of 
orientated domains of different polarisation) or polarisation due to defects 
which may be present in some solids [12]. 
 
 
Figure 1.6 Various polarisation mechanisms in dielectric materials [7]. 
  
 When placing the dielectric between metallic plates in a capacitor 
structure (Figure 1.5b), the electric charges do not migrate through the entire 
length of the material (as in the case of conductors), but are only slightly shifted 
from their average equilibrium positions. The amount of stored charge on the 
plates is improved by a factor of k (the dielectric constant), which is basically the 
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relative permittivity of the dielectric material εr (εr = C/C0) and represents the 
measure of the dielectric polarisability of the material.  
 In order to relate the total polarisability (αtot) to the relative permittivity 
(εr), equations 1.3 and 1.22 have to be considered; it is possible to derive 
therefore the Clausius-Mossotti relation: 
   
032
1
ε
α
ε
ε jj
r
r
N
=
+
−
 (1.24) 
 The Clausius-Mossotti relation may be also written in terms of the 
macroscopic permittivity – equation 1.25: 
   
jj
jj
N
N
αε
αε
ε
−
+
=
0
0 2
 (1.25) 
 This relation if valid only for homogeneous, isotropic materials that do 
not contain permanent dipoles or dipolar molecules, such as: glasses, 
amorphous solids and cubic structures that present only electronic and ionic 
polarisability [1]. 
 Exactly as in the case of the polarisability of a material, the relative 
permittivity is also composed by the same dipole contributions mentioned 
above. The contributions corresponding to the lattice are intrinsic (εe, εi), while 
overall macroscopic ones are extrinsic (εd, εs). These various contributions are 
equally important in a static electric field, while in a variable one (especially 
alternating one) the short-range movement of charges respond differently to 
each of the frequency regimes – Figure 1.7 [1,12].  
According to the theory and as presented in Figure 1.7, in the low 
frequency range, all polarisation mechanisms contribute to the overall relative 
permittivity and its value is identical to the static one. Space charges cannot be 
polarised in electric fields that occur faster than 106 Hz, their contribution being 
no longer present at frequencies higher than this value [1]. Following the same 
judgement, the permanent dipoles cannot rotate anymore when the alternating 
frequency of the electric field is in the range of microwaves (~ 109 – 1012 Hz). 
The movement of atomic nuclei stops when the ionic polarisability is no longer 
produced; this is the case of frequencies usually higher than 1012 Hz, 
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corresponding to the infrared range. The contribution of electronic 
polarisability is still present in the regions determined by visible and low-range 
ultraviolet frequencies, but drops out eventually in the upper-range of 
ultraviolet frequencies above 1017 Hz [1]. 
  
 
Figure 1.7 The contribution of electronic, ionic and dipolar polarisability to the total 
electric polarisability of a solid with respect to different frequency regimes [1]. 
  
 For a perfect capacitor, the applied alternating electric field would 
produce only elastic storage of charge, while for any real dielectric material, 
there is always some loss or dissipation of charge that result in heating of the 
dielectric [1,13]. This inelastic part of the electric behaviour may be regarded as 
a simple resistor within a circuit; the energy dissipation of the material, D or 
tanδ, under an applied AC field is dependent on the frequency of the field [13]. 
For each contribution to the total dielectric permittivity, the dispersion of 
dielectric response is best described by using a complex dielectric permittivity: 
   "'* εεε i−=  (1.26) 
where i= 1− . 
The complex dielectric permittivity of the material, ε*, combines the 
elastic (ε’) and inelastic (ε”) parts of the dielectric response. The real part, ε’, 
represents basically the dielectric permittivity previously written as εr, and ε” is 
the dielectric loss which is equal to 1/(ωRAC) – where RAC is the effective 
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resistance of the material in the alternative electric field of frequency, f (where ω 
is the angular frequency, 2pif). Therefore, the real part of the dielectric response 
is related to the capacitive properties, while the imaginary part is related to the 
resistor properties [13].  
The loss tangent, tanδ, may be written as a normalised dissipation: 
   
'
"
tan
ε
εδ =  (1.27) 
and is related to the ratio of “loss energy” and “reactive energy” [12].  
Both real (ε’) and imaginary (ε”) parts of dielectric response may be 
extracted from simple electrical measurements of a dielectric sample. A good 
dielectric material has tanδ < 10-4, making it relatively insensitive to the 
frequency of the applied AC field [1]. 
 
1.2.1.5 Applications and the interest for developing novel dielectric materials 
 Dielectric materials may be solids, liquids or gases. Commonly used 
dielectric gases are: air, nitrogen and sulphur hexafluoride; high vacuum can be 
also regarded as dielectric, with no dielectric loss even though its relative 
dielectric constant is equal to 1. Liquid dielectrics (mineral oil, silicone oil, 
organic esters, etc.) are employed as electric insulators (both electrically and 
thermally) for coils of electrical transformers; dielectric fluids with higher 
dielectric constant (i.e. castor oil) are used in high voltage capacitors to prevent 
corona discharge and increase capacitance [14]. Solid dielectrics are definitely 
the most used dielectrics in electrical engineering, generally as: a) electrical 
insulating materials for coating or wrapping wires and cables that carry electric 
current (most plastics, electrical insulation paper, porcelain and glass) or b) as 
dielectric components in electronic devices (ceramics), such as rectifiers, 
transducers and amplifiers [15].  
 Usually, the dielectrics are classified with respect to the values for the 
dielectric permittivity: 
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1) low permittivity a) as low voltage (simple) insulators such as materials 
for printed circuit boards (PCBs), or b) as high voltage insulators in 
power lines. 
2) mid permittivity (non-ferroelectric) materials as capacitors and 
microwave dielectric resonators. 
3) high permittivity capacitors: polar dielectrics such as pyroelectric and 
piezoelectric devices, or ferroelectric random access memories. 
 
        The required properties for a “good dielectric” are: high dielectric constant, 
low dielectric loss, thermal stability, tuneable temperature coefficients, high 
quality factors at many frequencies, high intrinsic breakdown for pulse power 
applications and resistance to interference from electromagnetic fields [16]. 
 Dielectric permittivities range generally from 4.5 to well above 100. 
Ceramics with low permittivity (4.5-10) are used as supports for advanced 
dielectric resonators; of these, dielectrics based on magnesium aluminium 
silicate and magnesium silicate compounds have the dielectric permittivity 
between 4.5 and 6, while two materials of similar dielectric permittivity: Al2O3 
(ε’Al2O3 = 9.5) and MgO (ε’MgO = 10) have a modest, and an outstanding thermal 
conductivity, respectively. Dielectrics with ε’ in the range 13-16 are based on 
Mg2TiO4 and MgTiO3 compounds, while CaTiO3 which has a very high 
dielectric permittivity (150-160), exhibits unfortunately a high dielectric loss. 
Composite ceramics of Mg2TiO4, MgTiO3 and CaTiO3 proved to be compatible 
and may successfully cover the ε’ = 13-150 range [17]. However, low-loss 
ceramics based on BaTiO3 cover the range ε’ = 37-100; BaTi4O9 covers the range 
ε’ = 37-39, while Ba2Ti9O20 with supplementary TiO2 raise rapidly the dielectric 
permittivity from 39 to 100 [17]. 
 In the first case of low permittivity materials used for semiconductor 
manufacturing (low-κ dielectrics), the dielectric constant is judged relatively to 
silicon dioxide (ε’SiO2 = 3.9), which is the insulating material used primarily in 
silicon chips. By replacing SiO2 with low-κ dielectrics of same thickness, faster 
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switching speeds and lower heat dissipation may be obtained. There are many 
materials with lower dielectric permittivity, but only few of them can be 
efficiently integrated into a manufacturing process; of those, all are SiO2-based: 
fluorine-doped silicon dioxide, carbon-doped silicon dioxide, porous carbon-
doped silicon dioxide, spin-on organic polymeric dielectrics, or spin-on silicone 
based polymeric dielectrics [18,19]. For insulators or sensor devices, the charge 
storage is not crucial, a low dielectric loss and a high resistivity are desired 
instead of a high capacitance or a high dielectric constant [20].  
 On the other hand, the interest in developing new solid dielectric 
materials and devices is continuously increasing since they are valuable and 
versatile components in the consumer electronics industry. Their ability to 
allow the electric charges within them to move when subject to an electric field, 
while remaining insulators, made them useful materials as capacitors, 
resonators for mobile communications, data storage devices and other electrical 
components in a large range of commercial applications [9,10,13,21-24]. In the 
case of commercially manufactured capacitors, a solid dielectric material with 
high permittivity is usually employed as a barrier medium between positive 
and negative charges, while a greater charge is allowed to be stored at a given 
voltage (i.e. ceramics with centrosymmetric structures such as titanates of group 
2 metals); therefore, these materials possess greater capacitances, while in order 
to operate successfully at high voltages, they have be resistant to ionization [14]. 
Capacitors are often a mixture of several ceramics with different temperature 
dependencies, due to the need of being temperature-independent materials; the 
resulting capacitance presents only small and approximately linear 
temperature-related variations [20]. For the case of dielectric resonator antennas 
operating at micro-wave and mm-wave frequencies, the dielectric constant is in 
the range 10-100 and with practically no inherent dielectric loss; the dielectric 
ceramic block may be of various shapes and is mounted on a metal as ground 
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plane. These resonator antenna devices are used in wireless and military radar 
equipment and also in consumer mobile phones [25].  
 The high permittivities of polar dielectrics such as piezoelectrics or 
ferroelectrics made them particularly useful in electronic devices, also with an 
effective use as capacitors and resonators [13]. Purely first-order ferroelectrics 
are rarely used in electronic devices applications due to the sharp dielectric 
permittivity temperature dependence at the transition temperature; therefore, 
second-order ferroelectrics containing a variety of dipole environments give rise 
to diffuse phase transitions that results in the broadening of the peaks over 
which the dipoles are polarisable by an applied electric field [13,26,27]. By 
tuning the composition of ferroelectric materials, regions of non-ferroelectricity 
appear, resulting in a new class of materials, namely the relaxor ferroelectrics; 
these materials also display broad dielectric peaks undergoing diffuse phase 
transitions, but due to the distribution of environments, they exhibit frequency 
dependence in the position of the dielectric permittivity and loss with 
temperature. Relaxor ferroelectric phenomenon was observed in ceramics 
materials for nearly four decades [28]; for example, PMN-PT is a typical relaxor 
ferroelectric, with large piezoelectric effect and optical anisotropy [28].  
 Ferroelectric and relaxor properties, as well as examples of such 
materials and their applications will be discussed in the subsequent subchapter 
of the thesis. Besides the applications described above, single-crystal 
ferroelectrics with high electro-optic (E-O) coefficients may suffer under an 
external electric field a large change in the refractive index due to the proximity 
of a morphotropic phase boundary [28-30]; these materials are widely used in 
many optic devices such as E-O modulators, switchers, frequency shifters and 
light valves [31,32].  
 Nowadays, all transport vehicles, automatic systems in industry and 
even most of the home goods rely or are conducted by making use of electronic 
devices which are based on integrated circuits and which require continuous 
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development and tailoring of properties [33]. With the demand for increasing 
the power processing of computers, the market was flooded with various multi-
layer ceramic capacitors that led to a greater appreciation of the research 
concerning the relationship between chemical composition, structure and 
electrical properties of new dielectric materials [34-36].  
 
1.2.2 Polar dielectrics: noncentrosymmetric materials, a special case of 
dielectrics 
 
 In normal dielectrics, the polarisation in absence of an applied external 
AC field is zero and it does not change if the material is heated or subjected to a 
mechanical deformation [1]. From the 32 crystallographic point groups, only 11 
are centrosymmetric (contain an inversion centre) and these materials do not 
posses polar properties since each polar vector may be inverted by an existing 
symmetry transformation [12].  
 A special class of dielectrics are the polar dielectrics [37]; these are 
represented by the other 21 point groups that are noncentrosymmetric (acentric) 
[38], all of them – but excepting the point group 432, possess piezoelectric 
properties [1,38].  
 Piezoelectric materials are a class of dielectrics: all piezoelectrics are 
dielectrics, but only some dielectrics are piezoelectrics [1]. 
Piezoelectricity 
Materials that do not contain an inversion centre and have vector 
displacement of ionic charges exhibit piezoelectric properties. Piezoelectric 
materials develop surface electric charges [1] and generate an electric field 
when subjected to mechanical stress (σ), even in the absence of an electric field. 
This is known as the “direct piezoelectric effect”. The effect is reversible, consisting 
of shape deformation (production of strain) when an electric field is applied to 
the solid dielectric material and is known as the inverse piezoelectric effect. 
However, the piezoelectric effect manifests preferentially, in some directions 
within the crystal it is pronounced, while in other ones is totally absent [1]. 
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 Ideal (cubic) perovskites have inversion centres; therefore they should not 
possess piezoelectric properties. But tetragonal or rhombohedral distortion 
from cubic symmetry (e.g. in PbTiO3 or BaTiO3) makes piezoelectricity possible 
in some perovskites [12]. 
 Of the 20 noncentrosymmetric point groups mentioned above, and 
representing the piezoelectrics, 10 do not possess a unique polar axis [1]. 
Materials in the remaining 10 point groups that possess just a single polar axis 
are called pyroelectrics. 
Pyroelectricity 
In pyroelectric materials, temperature changes induce changes in the 
electric polarisation, by shifting the ions in the lattice and thus producing an 
electric field. Pyroelectric materials possess spontaneous polarisation, Ps, 
meaning that a permanent polarisation is present in the absence of an electric 
field, but also in the absence of a mechanical stress [1]. The change in 
pyroelectric charge on heating is reversible on cooling. When the temperature 
change stops, the change in the induced field stops as well. If the crystals are 
kept in a vacuum, away from neutralising charges, the surface electric charges 
developed are maintained for many days [1]. 
Pyroelectric materials are a subset of piezoelectric materials: all 
pyroelectrics are piezoelectrics, while not all of piezoelectrics are pyroelectrics. 
And from all pyroelectric materials, only about half are ferroelectrics – this is 
best described by Venn diagram in Figure 1.8. 
 
Figure 1.8 Venn diagram of piezoelectrics, pyroelectrics and ferroelectrics. 
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Ferroelectricity 
Ferroelectric materials are a subclass of pyroelectric materials. While 
both exhibit a spontaneous electric polarisation in the absence of an external 
electric field and of a mechanical distortion, only in ferroelectrics can the 
direction of the polarisation, Psp, be switched (reversed) between the two 
equilibrium orientations under an applied electric field [1]. This behaviour 
results in a hysteresis loop of the electrical polarisation (P) vs. electric field (E) 
curves – Figure 1.9. 
The remanent polarisation (Pr) represents the retained value of 
polarisation after the applied electric field is switched off. In order to reverse 
the remanent polarisation, an opposite electric field must be applied. After 
certain intensity of the applied electric field values, ferroelectrics exhibit a limit 
of polarisation, called saturation polarisation (Ps). 
 
 
Figure 1.9 Hysteresis loop of ferroelectric materials [modified picture from ref. 39]. 
 
The ferroelectric state may be described by the order of the phase 
transition which is defined as the discontinuity in the partial derivatives of the 
Gibbs free energy, G; if the nth–order derivative of G is a discontinuous function 
at the transition temperature, then the phase transition and thus the ferroelectric 
type is of nth–order. BaTiO3 is a ferroelectric with a first-order phase transition, 
while LiNbO3 is a ferroelectric with a second-order phase transition [26].  
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1.2.2.1 Origin of ferroelectricity in BaTiO3 – the prototypical ferroelectric 
oxide: the temperature dependence and the Curie-Weiss law 
 The ferroelectric properties of materials are directly connected to their 
crystal structure; these may have different degrees of complexity such as in 
perovskitic structures (e.g. BaTiO3), in distorted perovskitic structures (e.g. 
LiNbO3) or in stratified perovskitic structures (e.g. SrBi2Ta2O9).  
 Generally, most ferroelectric materials of practical interest are perovskites 
or other perovskite-related structures (to be described in greater detail in 
subchapter 1.3). The ideal perovskite structure is cubic, with the nominal 
formula ABO3, and have the A-site cations placed in the corners of the cube, the 
B-site cations placed in the centre of the cube and the O2- cations placed on the 
centre of the cube faces (Figure 1.10). In ferroelectric perovskites the unit cell is 
distorted with the cations cooperatively displaced from their centrosymmetric 
positions relative to the anions giving rise to a spontaneous net polarisation. By 
applying a sufficiently large electric field, the displacement of the B-site cations 
may changed between two or more equilibrium positions, while the oxygen ions 
move in opposite orientation (Figure 1.10) [26,31].  
 Figure 1.11 shows the dielectric permittivity, ε’, of BaTiO3 (considered to 
be the prototypical ferroelectric ceramic), as function of temperature. This 
indicates the sensitivity of ε’ to the changes in crystal structure, where process 1 
represents the ferroelectric to paraelectric transition. 
 
 
Figure 1.10 Two possible orientation of the dielectric polarisation in the ABO3 structure. 
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 On cooling from high temperatures, the dielectric permittivity increases 
to a maximum > 10,000; the temperature characteristic to this maximum, and 
representing actually the paraelectric (unpolarised state) to ferroelectric 
(polarised state) phase transition, is known as the Curie temperature, TC. When 
the temperature is increased above TC, the thermal motion of atoms will also 
increase and they can overcome the energy barrier that separates the different 
displacement directions. As a result, the new distribution of atoms is 
statistically in the centre of the octahedra, and the unit cell is centrosymmetric 
with the crystal behaving as a normal dielectric. Therefore, the material changes 
from the ferroelectric state to the so-called paraelectric state [1] with the 
dielectric permittivity showing the reciprocal drop-off with temperature as 
observed in the magnetic analogue, paramagnets.  
 
     Figure 1.11 Dielectric permittivity of BaTiO3 as function of temperature [39,40] 
 
The reciprocal relative permittivity vs. temperature for T > TC, is 
described by a linear relationship known as the Curie-Weiss law (1/ε’=(T-
TC)/C), where C is the Weiss constant and T is the absolute temperature [1]. 
Ideally this graphic is linear, but many times deviations from linearity of TC 
appear; the point of intercept, T0, is slightly different from the measured value, 
TC. Therefore, the Curie-Weiss law is often written in this form: 
   ε’=C/(T-T0) (1.28) 
where T0 is the extrapolated Curie-Weiss temperature [1,26]. 
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The appearance of the spontaneous polarisation below TC, when the 
electric dipole moments align spontaneously, resulting in ferroelectricity, is 
accompanied by a tetragonal lattice distortion [12]. The phase transitions in 
BaTiO3 are of first order – Figure 1.11 (while LiNbO3 is a ferroelectric with a 
second order phase transition) [26], therefore in the polarisation, lattice constant 
and dielectric properties there are discontinuities [12]. The corner-sharing TiO6 
octahedra in room temperature BaTiO3 are not regular because Ti4+ is displaced 
in the direction of one of the apical oxygens (0.1 Å to the neighbouring 
oxygens). This displacement of positive charge (cations) relative to the negative 
charge (anions) generates dipole moments, giving rise to a high dielectric 
constant and therefore to ferroelectric properties of BaTiO3. Since in the 
ferroelectric state all Ti4+ cations are displaced in the same direction, the overall 
BaTiO3 structure is distorted and a total polarisation of the solid occurs [2]. 
The ferroelectricity is determined by ionic radii of cations, for example, 
CaTiO3 is not ferroelectric. The smaller Ca2+ cations ( ++ > 22 CaBa rr ) reduce the unit 
cell volume, therefore the Ti-O bond lengths in CaTiO3 are smaller than in 
BaTiO3, restricting the Ti4+ cations flexibility to move within the TiO6 octahedra 
[7]. By comparison, if the A-cation radius is larger, as is the case of Pb2+ (which 
is effectively larger due to the steric effect of the lone pair) the distortion is 
stabilised resulting in a higher TC as in PbTiO3 (TC ~ 450 °C) . 
As already mentioned, above TC, BaTiO3 has a cubic unit cell (Fig. 1.12) 
and is paraelectric (peak 1 in Fig. 1.11). At lower temperatures than TC, it 
becomes ferroelectric; between TC and peak 2 (Fig. 1.11), the unit cell of BaTiO3 
is tetragonal (Fig. 1.12).  BaTiO3 adopts an orthorhombic unit cell between peak 
2 and 3, while below peak 3 it becomes rhombohedral (Fig. 1.12) [7]. 
 
Figure 1.12 Unit cell transitions in BaTiO3. 
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As well as discontinuities in the dielectric properties the sequential phase 
transitions are easily seen by the change in lattice parameters as a function of 
temperature (Figure 1.13). 
 
 
Figure 1.13 Unit cell parameters in BaTiO3 [7]. 
 
A ferroelectric crystal is usually composed of domains, which are distinct 
areas in which the polarisation vector is uniformly oriented in the same 
direction [41]. In the case of single-domain single crystals of BaTiO3, the 
hysteresis loop has almost vertical sides due to the reversal of polarisation as 
reverse 180 º domains nucleate and grow, as well as almost horizontal regions of 
saturated states obtained in the polar direction [7]. The dipoles tend to align 
parallel one to the other in quite large domains, as in Figure 1.14 (where arrows 
represent the distorted TiO6 octahedron), the total polarisation of a ferroelectric 
material is the sum of individual domain polarisations. 
 
↑ ↑ ↑ ↑ ↑ 
Figure 1.14 Dipole’s orientation in ferroelectrics 
 
The total polarisation may be the result of two possible causes: a) after 
applying an electric field, polarisation within a domain (ii) changes to be 
parallel with those in the (i) domain; b) as certain domains are favourably 
orientated (i), at the interface, other domains will grow in size (ii) – migration of 
the domain wall (Figure 1.15). 
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Figure 1.15 Ferroelectric domains at wall boundary. 
 
In the ferroelectric BaTiO3, applying an electric field reorients domains, 
aligning all the individual dipoles in the same direction, and resulting in the 
saturation polarisation. For polycrystalline ceramics, the hysteresis looks more 
tilted, with a higher coercive fields and lower remanent polarisations than for 
single crystals due to the different reorientation (switching) behaviour of the 
different domain directions [42,43]. 
Antiferroelectric materials, like ferroelectrics, have an array of ordered 
dipoles, but each dipole moment is antiparallel to its neighbours (e.g., in 
PbZrO3) – Figure 1.16. 
 
↑ ↓ ↑ ↓ ↑ 
Figure 1.16 Dipole’s orientation in antiferroelectrics 
 
Antipolar shifts happen in such materials within the crystalline structure, 
leading to nil spontaneous polarisation, but they may present changes in the 
dielectric constant [8,41]. Also, although close to TC, the relative permittivity 
increases and no hysteresis loop occurs.  
 
1.2.2.2 Relaxors: Relaxor ferroelectrics vs. relaxor dielectrics 
 Classical ferroelectrics may be divided into two main groups, with 
respect to the origin of the dipole ordering mechanism leading to the formation 
of a net polarisation: a) displacive and b) order-disorder [8,41]. In displacive 
ferroelectrics, the cations shift in relation to the anions within a ionic crystal (i.e. 
PbTiO3), while in the order-disorder type, the permanent dipole moments align 
by reorientational ordering (such as the (NO2)- group in NaNO2) [27].  
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 According to the transition character, there is a tendency to define them 
in terms of the dynamics of the lowest frequency “soft” phonon modes.  In 
displacive type ferroelectrics, the characteristic frequency decreases with 
decreasing temperature and becomes zero at TC, resulting in a spontaneous 
polarisation due to freezing-in of the mode [27]. In order-disorder type 
materials, the permanent dipole moments are randomly arranged at high 
temperatures because of thermal vibrations and as TC approaches, the system 
transforms into the ferroelectric phase [27]. However, many ferroelectrics have 
soft modes that fall between these two extremes [8], therefore, the structural 
transition is never completely displacive or of order-disorder type, but often a 
combined state [41]. 
 Besides the normal ferroelectrics, there is another type of ferroelectric-
like materials, which are known as relaxors [26,27,44]. While in normal 
ferroelectrics the dipoles spontaneously correlate, for the case of relaxors, the 
dipoles – although present in the material – do not coherently order in the long-
range (no macroscopic polarisation appears in the absence of an external electric 
field and no macroscopic ferroelectric transition occurs at the temperature 
corresponding to the maximum of the peak, Tm) – Figure 1.17) [27].  
 The term “relaxor” is due to the dispersion in dielectric permittivity with 
frequency, since it takes varying times for the polarisation fluctuations to 
respond [45]. The relaxor behaviour within the broad group of ferroelectric 
ceramics is characterised by a diffuse phase transition [46], which have been 
extensively studied [47-49]. In order to explain the relaxor properties, many 
models were proposed [47]: microscopic mechanism of polarisation [50], polar 
nano-regions model (PNR) [51], order-disorder transition [52], microdomain 
and macrodomain switching [53], dipolar-glass model [54] and quenched 
random field model [55].  
 Generally, relaxors may be divided into two categories: a) relaxor 
ferroelectrics and b) relaxor dielectrics (canonical relaxors). Both groups of 
relaxors present a diffuse phase transition with a broad maximum in the 
dielectric permittivity and a strong frequency dispersion of the permittivity 
within a large temperature range – below the temperature corresponding to the 
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maximal permittivity – Figure 1.17 [46]; above this temperature (in the 
paraelectric state), they respect the Curie-Weiss law at very high temperatures, 
but show significant deviations at lower temperatures due to varying degrees of 
localised dipole interactions. Also, relaxors have a very weak anisotropy to light 
and no X-ray line splitting is present, indicating a long range, average pseudo-
cubic structure [56]. 
 
 
Figure 1.17 Schematic temperature and frequency dependence of the dielectric permittivity, ε’, 
and spontaneous polarisation, P, for normal ferroelectrics, relaxor ferroelectrics (relaxor-to-
ferroelectric diffuse transition) and relaxor dielectrics (canonical relaxors).  
Figure adapted from [27] and [57].  
  
 Relaxor ferroelectrics are typically characterised by chemical 
heterogeneity at nanometre scale; in these disordered structures, the dielectric 
permittivity, ε’, is extremely large, making them useful as capacitor dielectrics 
[45]. Usually, their composition contains at least two types of cations sharing 
the same crystallographic site [26,41]. Such an example is Pb(Mg1/3Nb2/3)O3 
(known as PMN) in which both chemical and structural inhomogeneities coexist 
due to chemical and valence mixing in the same site of the structure [46]. In 
contrast to ferroelectric BaTiO3, the relaxor PMN does not exhibit a sharp phase 
transition in the dielectric permittivity curve vs. temperature – despite the 
continuous increase with frequency in the range 250-300 K [46]. This anomalous 
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dielectric behaviour has fascinated scientists since the 1970’s, with serious 
research being performed only from the 1990’s [58-66], but a coherent and 
ultimate interpretation has not yet been proposed [46]. In the case of PMN-type 
relaxors, the complex inhomogeneities have complicated the understanding; the 
long-standing question on the relaxor state is [46]: a) “a ferroelectric state, 
broken up into nano-domains under the constraint of quenched random electric 
fields” [59] or b) “a dipolar-glass state with randomly interacting polar 
nanoregions in the presence of random fields” [60]. 
 In the case of PMN, it was believed firstly that the relaxor properties are 
due to a diffuse phase transition due to the distribution of the phase transition 
temperature TC (different Tm values) [27], but it now recognised that such broad 
peaks are related to the distribution of the different response of “very local 
polar regions” [27,51] known as “polar nanoregions” (PNR) [31,51] that 
nucleate around the Burns temperature, TD, and grow with decreasing 
temperature [51]; a glossary containing the characteristic temperature and 
fundamental parameters for the relaxation processes and their definitions is 
presented in Appendix 1.1. In fact, the PMN is a relaxor ferroelectric, which 
possesses all essential features of a normal ferroelectric: domain-switching 
behaviour and characteristic phase transition [46] within the PNRs.  
 On the other hand, the relaxor dielectrics have no structural phase 
transition in the dipolar glass state. The dipoles are just randomly oriented and 
no spontaneous polarisation, PS, is formed in the absence of an electric field. 
They do not form clusters that align in an electric field and only rare randomly 
formed (by chance) & interacting PNRs will be frozen and the total polarisation 
will remain unchanged below a certain characteristic temperature, Tf, known as 
the dipole freezing temperature [46]. The dipolar-glass model was also 
proposed for PMN [67] and the field dependence of glassy freezing in relaxors 
was investigated [68] and the critical slowing down and glassy freezing in 
relaxors was demonstrated [69]. 
 Since PNRs have been widely discussed and presented in many papers 
during the last years, it has become somehow an indispensable concept to the 
researchers in the field, and is widely accepted as a standard model for relaxors 
Chapter 1 – Introduction and Background 
 - 30 -
[27]. Unfortunately, many times the scientific literature does not make a clear 
distinction between relaxor ferroelectrics and relaxor dielectrics, and there is 
does not appear to be a definitive text which categorically defines the two in a 
rigorous way. Generally, the main similarity between relaxor ferroelectric and a 
relaxor dielectric consists in the displacement of the peak maxima and their 
broadening with frequency (see Figure 1.17), and the key difference is that in a 
relaxor ferroelectric it is possible to obtained a ferroelectric hysteresis loop 
under sufficiently high field. 
 
1.2.2.3 Key models used for the study of dielectric relaxation  
 The dielectric relaxation is the momentary delay in the response of a 
linear system when subjected to an external electric field of microwave 
frequencies, and may be quantitatively measured relative to the expected 
equilibrium dielectric values for a specific material. The dielectric relaxation can 
be evidenced in two ways: a) by using the dielectric permittivity data and b) by 
using the dielectric loss data. In both cases, modelling of the data is necessary 
for determining the relaxation parameters that characterise the relaxation 
behaviour. Initially derived from statistical thermodynamics in the kinetic 
theory of gases to describe the temperature dependence of gaseous chemical 
reaction rates, the Arrhenius model was also used for more complex 
heterogeneous processes. Therefore, Arrhenius equation may be generally 
regarded as an empirical relationship, and was employed (as it stands or in 
modified forms) frequently to model the temperature variation of diffusion 
coefficients, population of crystal vacancies, creep rates, and many other 
thermally-induced processes like the dielectric relaxation. 
a) The dielectric relaxation observed in the dielectric permittivity data 
 Relaxation of such disordered systems may not follow the classical 
Arrhenius temperature dependency with the freezing at 0 K; at cooling, the 
relaxation time, τ, diverges to a non-zero temperature which may be considered 
a freezing temperature of dipoles, Tf, below which the system becomes non-
ergodic (for long times, the polarisation is frozen and it is only likely to be in 
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limited number of states) [70]. This divergence may stand for the freezing of the 
reorientational motion of elementary dipoles [71]. 
 It was generally observed that the frequency response of the real part of 
dielectric permittivity ε’(f) in relaxors has a Vogel-Fulcher form [72,73]. This 
was firstly indicated by Viehland et al. [74] in the study of the archetypal relaxor 
ferroelectric, PMN with 10 at % PbTiO3 (PMN-10PT), following the idea for the 
slowing down of relaxation processes found in many glasses [75]. The Vogel-
Fulcher (VF) model describes a temperature dependence of a spectrum of 
relaxation times and so probes the dynamics and population profile of the 
dipolar response as a function of temperature (at T>Tf). The VF equation (1.29) 
is a modified Arrhenius expression, which includes an increasing degree of 
interaction between random local relaxation processes, in this case of the 
dipolar response: 
( )VFm
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TTk
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0 eff −
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⋅=     (1.29) 
where f is the frequency of the perturbation (applied ac field frequency, Hz); f0 is 
the fundamental attempt or limiting response frequency of the dipoles between 
the flip (Hz); Ea is the activation energy of local polarisation (J) that may be 
associated with the mean height of the potential barrier which an elementary 
dipole shall overcome in order to flip [71]; Tm is the temperature (K) of 
maximum dielectric constant at frequency, f; TVF is the characteristic Vogel-
Fulcher temperature (often described as the static dipole freezing temperature, 
Tf, (K) [74]); and k is Boltzmann’s constant (1.381 × 10-23 J·K-1). 
The VF equation was usually employed for modelling dielectric 
relaxation from real dielectric permittivity data [76,77], but some other 
researchers affirmed the physical restrictions this model implies [78,79] or 
advocate even for a non-exponential behaviour [80]. In order to avoid some 
possible problems, the data sets representing the imaginary part of the dielectric 
permittivity (dielectric loss, ε″) were also analysed.  
 
 
Chapter 1 – Introduction and Background 
 - 32 -
b) The dielectric relaxation observed in the dielectric loss data 
 The simplest model to analyse dielectric relaxation – using dielectric loss 
data – is the Debye response which contains a single relaxation time; Debye 
relaxation is a dielectric relaxation response of an ideal non-interacting 
population of dipoles to an alternating external electric field, usually expressed 
in the complex dielectric permittivity of a material as a function of the AC field 
frequency, f.  
 
ωτ
εε
εε
i
f s
+
−
+= ∞
∞ 1
)(*  (1.30) 
where ε∞ is the permittivity at the high frequency limit, εs is the static low 
frequency permittivity, τ is the relaxation time of the material and ω = 2pif. 
 In reality, systems show more dispersive behaviour and other models 
were introduced to fit broadened dielectric loss peaks (Gaussian distribution 
of relaxation times (DRT) [81-83], Cole-Cole [84], Cole-Davidson [85], 
Havriliak-Negami [86]). These models are empirical modifications of the Debye 
relaxation model, accounting for the broadness and asymmetry (Cole-Davidson 
and Havriliak-Negami cases) of the dielectric dispersion curve. The empirical 
two exponent model of Jonscher’s universal dielectric response (UDR) [5], 
which is a fractional power law (equation 1.31), is much simple use and was 
employed further to fit the ε″(f) data and extrapolate the freezing temperature, 
Tf, values [87].  
 ( ) ( ) npmp ffff −− +∝ 1//
1
"ε  (1.31) 
where f is the AC field frequency (=ω/2pi); fp is the relaxation (peak) frequency; 
and -m and (1-n) are the frequency exponents of ε″(f) below and above fp, 
respectively, with the conditions 0 ≤ m and n ≤ 1. UDR model allows a) for a 
Debye response and b) for a DRT (Cole-Cole) response in some special cases: a) 
m = 1 and n = 0, and respectively b) for m = (1-n) < 1 [88,89]. 
In Figure 1.18, the most common models (Debye, DRT and UDR) 
employed for modelling the relaxor behaviour are presented. 
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Jonscher’s model [5] also describes the temperature dependence of the 
frequency of maximum dielectric loss, fp, (dielectric relaxation frequency) by 
Arrhenius expression (eq. 1.32): 
 kT
E
0p
a
eff −⋅=  (1.32) 
where f0 is limiting dipole response frequency and Ea is the activation energy. 
By fitting dielectric loss data to equations (1.31) and (1.32), it is possible to 
determine some characteristic temperature, TUDR, corresponding to slowing of 
the longest mean relaxation time by extrapolation to zero of the slope gradient, 
m (ε″ ∝ f -m for f < fp), and f0 and Ea from the temperature dependence of fp, 
respectively. 
 
Figure 1.18 Debye (red curve) and DRT (violet curve) models in symmetric loss peaks; 
UDR type behaviour (blue curve) in asymmetric loss peak. 
 
At the time when these models will be applied in the following chapters, 
detailed discussions will be carried out with respect to the specific investigated 
samples, employed methodology and results obtained. 
 
1.2.3 Perovskite structure and tetragonal tungsten bronze structure, common 
dielectric materials exhibiting relaxor properties 
  
 Complex structures like those belonging to the perovskites ((A’A”)BO3 or 
A(B’B”)O3) or to the tetragonal tungsten bronze structure (M1-xBaxNb2O6, 
M=Sr,Pb) – a perovskite-related structure, offer the possibility to accommodate 
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various cations and thus of tailoring the relaxor properties [27,90]. Regardless of 
the chemical composition of the material or the nominal formula, the way the 
cations are arranged is decisive in this case for the properties. The degree of 
ordering associated with these properties can sometimes be adjusted in some of 
these materials by further thermomechanical processing or annealing [56]. 
 The perovskite and other perovskite-derived families (like the tetragonal 
tungsten bronze structure) are the most common dielectric materials to exhibit 
relaxor properties and will be described in greater detail in the next section 
(subchapter 1.3) with specific discussion focused on the tetragonal tungsten 
bronze (TTB) structure, since this one is of great interest within the 
development of the present study.   
 
1.3 Tetragonal tungsten bonze structure, a versatile opportunity 
for novel ferroelectrics and designing multiferroic materials 
 
Polar dielectrics, particularly ferroelectrics, are used in a wide range of 
electronic devices including: capacitors, electro-optic switches, non-volatile 
memory chips and a number of piezoelectric transducers and sensors. The 
materials in use today are often Pb-containing, e.g. Pb(Zr,Ti)O3 (PZT), or have 
limited operating temperatures (e.g. BaTiO3, TC = 130 °C) and so new materials 
are required for future development. 
 The recent renaissance in the search for novel dielectrics and mainly for 
multiferroics and magnetoelectrics [91,92] has largely focussed on materials 
with the perovskite structure [93]. However, other perovskite-related structures 
may offer better properties and over larger operating ranges, therefore it is 
worth directing the attention to them, and especially to the tetragonal tungsten 
bronze (TTB) structure which offers even greater compositional flexibility [94]. 
The inclusion of particular metals into the five different TTB sites raises the 
possibility of fine tuning both electric and magnetic behaviour [13].  
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1.3.1 Magnetic properties, multiferroics and magnetoelectric coupling 
 
As the electric dipole moments are responsible for the dielectric 
properties of materials, magnetic moments are responsible for their magnetic 
behaviour. All inorganic materials exhibit diamagnetism, a weak repulsion 
under an applied magnetic field, because of paired electrons. Besides 
diamagnetism, those exhibiting other magnetic effects are characterized by the 
unpaired electrons. This happens frequently in transitional metals – unpaired d 
electrons, and in lanthanides – unpaired f electrons [4]. 
By analogy, the paramagnetic, ferromagnetic and antiferromagnetic 
properties may be defined in a similar way to their electrical analogues, but in 
terms of their temperature and (magnetic) field and frequency dependence of 
magnetic susceptibility, magnetisation, spontaneous magnetisation, magnetic.   
Of great interest are the multiferroic materials and magnetoelectric 
coupling that recently have captivated again the scientific world. Reviews and 
hypothesis articles [91,92,95-105] on these materials were published in the 
recent years in an attempt to revive this field, which was all but abandoned in 
the 1970’s [106,107]. 
Multiferroic materials possess in the same chemical compound at least 
two of the following ferroic behaviour: ferroelectric, ferromagnetic (or 
antiferromagnetic) or ferroelastic. The possible combinations of phase control in 
such materials are presented in Figure 1.19 [91]. For example, for piezoelectric 
materials by changing the intensity of electric field it is possible to induce strain 
and vice versa, by applying a stress it is possible to change the electric 
polarisation (mechanism 1 in Figure 1.19). 
For magnetostrictive materials, by changing the intensity of magnetic field 
it is possible to induce strain, and vice versa, by applying a stress it is possible 
to change the magnetisation (mechanism 2 in Figure 1.19,). For magnetoelectric 
materials, if the magnitude of the electric field is varied and the magnetisation 
changes, and vice versa, by varying the magnitude of the magnetic field  the 
electric polarisation changes (mechanism 3 in Figure 1.19). 
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Figure 1.19 Possibilities of ferroic phase control [91]. 
 
Magnetoelectric coupling means any coupling of the magnetic and 
electric properties. For the ultimate goal of novel FE & FM devices, 
magnetoelectric coupling and ferroic order are required. However, because 
ferroelectric cations tend to have empty d-orbitals and magnetic ordering 
happens only when d- or f-orbitals are partially filled, it is hard to get both 
properties in the same single-phase material. Therefore, it is hard to obtain 
multiferroic materials. Moreover, magnetoelectric coupling is an independent 
phenomenon [108] and it may exist in materials that are not either electrical or 
magnetic polarisable. As can be seen from Figure 1.20, the overlap of 
multiferroic with magnetoelectric materials is incomplete [92]. 
 
Figure 1.20 Polarisable materials, ferroic phases and magnetoelectric relationships [92]. 
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For achieving single phase magnetoelectric multiferroics, more versatile 
chemical structures derived from perovskites have to be investigated and 
several doping mechanisms have to be attempted. The multitude of possible 
cationic replacements and substitutions to be performed within these more 
complex structures could eventually lead to identification of some multiferroic 
materials possessing magnetoelectric coupling, although very likely in only a 
very narrow range of compositions. 
 
1.3.2 Perovskites and perovskite-related structures  
 
The discovery of CaTiO3 mineral by Gustav Rose in the Ural Mountains 
and named “Perovskite” in the honour of L.A. Perovski lead to the 
development of a very important family of ceramics, namely the perovskites 
and their related structures [56,109]. The perovskites are easily recognized by 
ABX3 formula (usually A and B refers to cations and X to anions) which decribes 
their general composition. Perovskite materials have a wide range of possible 
combinations of elements for A and B, which may lead to single phase 
materials. The perovskite structure derives from a cubic close-packing structure, 
and ideal perovskites are described by the cubic Pm3m space group. It is one of 
the most studied families of ceramics because of their versatile properties which 
may be used for diverse applications, from various electrical devices to catalytic 
purposes [56,109]. According to Johnsson and Lemmens [110], a simple search 
for “perovskite” word in the Inorganic Crystal Structure Database – ICSD [111] 
provides more than 2500 results, of which about 90% are oxides. For oxides, a 
net positive charge of 6 must be accomplished by combinations of large A-site 
cations (typically from the s-block, or larger rare earth cations) with small B-site 
cations (from the d-block or smaller rare earth cations). These combinations 
encompass much of the periodic table.  
It is worth mentioning that CaTiO3 has a distorted, orthorhombic 
perovskite structure, and only a few perovskites adopt the ideal cubic structure 
which is derived from the ReO3 structure (corner sharing octahedra) by adding 
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a 12-coordinated cation to the body centre of each unit cell in the middle of the 
cube of such eight octahedra (Figure 1.21).  
 
Figure 1.21 a) Cubic ReO3 structure; b) ideal ABO3 perovskite structure  
derived from the ReO3 structure [110]. 
 
The ideal perovskite can be described in two ways: 
- three-dimensional BO6 corner-sharing octahedra, with a 12-coordinated A 
cation in the centre of the cube formed by the octahedra, where B cations are at 
the cell corners and oxygens at the cell edges (Figure 1.22a). 
- cubic close-packing AO3 array with B cations over one quarter of the 
octahedral sites, where B cation is in the middle of the cube, the A cations are at 
the cell corners and the oxygen atoms are on the face centres (Figure 1.22b). 
The ideal perovskite structure is realized only by CaRbF3 and SrTiO3 
(Figure 1.23). For example, SrTiO3 has a close-packed structure (Figure 1.24b) 
where oxygen and strontium atoms are stacked in cubic close packed layers 
along [111] direction, as in ordered AuCu3 alloy (Figure 1.24a). Titanium atoms 
occupy a quarter of the octahedral sites, those surrounded only by oxygen 
atoms. 
Most “cubic” perovskites are distorted from the ideal one and therefore it 
was established a set of three possible causes, which were called Goldschmidt 
rules, after the first author that in the mid 1920’s determined highly accurately 
their crystal structures and calculated lattice parameters [112]: 
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a) 
 
b) 
 
Figure 1.22 Alternative representation of ideal perovskite unit cell [113]. 
 
 
Figure 1.23 Ideal perovskite structure of SrTiO3 [114] 
 
 
Figure 1.24 a) Ordered AlCu3 alloy; b) SrTiO3 perovskite structure [110]. 
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- size effect and tolerance factor: the existence of a certain perovskite is dictated 
firstly by the geometrical array of atoms. For the ideal perovskite structure, as 
previously described, the unit cell edge (a) is given by: 
 a = rO + 2rB + rO  (1.33) 
and the diagonal ( 2a ) by: 
 a 2 = rO + 2rA + rO  (1.34) 
where rA, rB, rO are the radii of the cations and of the oxygen. Multiplying 
equation 1.33 by 2 , one obtains equation 1.35: 
 a 2 = 2(rO + 2rB + rO ) (1.35) 
The tolerance factor is obtained when dividing equation 1.34 by equation 1.35. 
In this case, the tolerance factor is: 
 
t =
rA + rO
2(rB + rO )
= 1 
(1.36) 
Although for ideal cubic perovskites, t=1, the distorted perovskites exist in a 
larger range of the tolerance factor. For 0.7<t<0.9, an orthorhombic distortion 
occurs, while for 0.9<t<1 rhombohedral distortion is preferred. In both cases, 
the BO6 octahedra tilt in order to reduce the A-O distance. When the tolerance 
factor is greater than 1, the BO6 octahedra distort as well, resulting in a 
tetragonal distortion.  
Deviation from the ideal composition may arise from A- or B-site vacancies, 
oxygen deficiency or oxygen excess. The most common case is the oxygen 
deficiency, when as a result of (a reducing) reaction atmosphere, some cations 
may change oxidation state (i.e. SrFeOX, where a mixture of Fe3+ and Fe4+ 
coexists). 
The Jahn-Teller effect occurs when a compound with a degenerate 
electronic ground state undergoes a geometrical distortion which removes the 
degeneracy by lowering the overall energy of the system. For example, in 
LnMnO3 (Ln=La, Pr, Nd) the 3d4 electrons are divided in three tg electrons and 
one eg electron, the odd electrons in eg orbital causing an elongation of the 
[MnO6] octahedron [2]. 
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These rules helped Roy and co-workers to understand and expand 
Goldschmidt’s work. Starting from BaTiO3, they have made a large number of 
replacements on A- and B-sites [115-118]. They have collected huge amount of 
structural information and summarized it in the form of “structure field maps” 
for ABO3 compounds [56,109]. A “structure field map” is a representation of 
regions of different structures as a function of the ionic radii of A- and B-site 
metals of cation radii. Parameters such as temperature and pressure may 
rearrange these regions, with compounds changing structure and therefore 
behaviour [56]. 
It is worth mentioning that often all ABO3 compounds are regarded as 
perovskites, a fact which is not true. Structure field maps demonstrate the 
existence of a large variety of compounds with ABO3 formula, only a few 
adopting perovskite structure (Figure 1.24) [56,109]. 
Generally, the vast majority of the research in the field of single-phase 
multiferroic materials has largely centred on perovskite-based materials 
(BiFeO3, BiMnO3, HoMnO3, TbMnO3) [106,107,119-121], because their simplicity 
of structure and ease of synthesis, but also because their properties are widely 
understood [13]. However, other perovskite-related structures have even 
greater compositional flexibility and may be successfully used as ferroelectrics 
or hopefully as multiferroic materials and possessing magnetoelectric coupling.  
 
Figure 1.25 Structure field maps for A2+B4+O3 compounds [56]. 
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The perovskite structure may evolve to these structural-related types in 
different ways, all imposed by the NA/NB ratio of the A- and B- sites.  
To give only a few examples, three types structures based on different 
NA/NB ratios are presented in Table 1.1: 
 
Table 1.1 Evolution of perovskites to their related structures. 
  
A2BB’O6 
ABO3 
An+1BnO3n+1 
AO(ABO3)n 
(A1)2(A2)4(C)4(B1)2(B2)8O30 
A6B10O30 
Sr2FeMoO6 (LaO)(LaNiO3)n Sr5LaTi3Ta7O30 
 
Superstructures: a double perovskite forms when the unit cell edges of a 
perosvskite is doubled as a result of cation ordering on the B-site (e.g. where 
B=Cr, Mn, Fe; B’=Mo, Re, W),. In the simplest and most common case the BO6 
and B’O6 octahedra form a rocksalt-type arrangement. 
Ruddlesden-Popper structures: are intercalated structures of pervoskite 
blocks linked by (AO) units. They have various electronic properties, from 
insulator and ferroelectric to conductor and superconductor materials. As the 
number of repetitive perovskite units, n, in a block grows, the phases tend to 
resemble more the perovskite structure and finally when n → ∞, the perovskite 
structure is reached. 
Tetragonal tungsten bronze structures: the tetragonal tungsten bronze 
(TTB) oxides, of general formula (A1)2(A2)4(C)4(B1)2(B2)8O30, are related to 
potassium tungstate (K2WO4) [31]. This structure begins with a repetitive 
perovskite unit in the middle but the additional corner-sharing BO6 octahedra, 
bringing the total B-sites to ten per unit cell, create three types of channels in the 
structure: two different A-sites and one C-site. There are two A1 sites (12-
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coordinated) defined by 8 octahedra, four larger A2 sites (15-coordinated) 
defined by 10 octahedra and four trigonal C-sites (9-coordinated) defined by 6 
octahedra. In addition, the BO6 octahedra are non-equivalent (two B1 sites and 
eight B2 sites). Usually, the A-sites are occupied by large cations such as those 
belonging to the s-block (i.e. K+, Na+, Ba2+, Sr2+, Ca2+) or lanthanides from the f-
block (i.e. La3+, Ce3+, Nd3+, etc.) [122-124], while the B-site at the centre of the 
oxygen octahedral are filled with smaller d-block cations (i.e. Nb5+, W6+, Cr3+, 
Mn3+, Fe3+, Ti4+, etc.) [125,126]. The C-sites may be occupied by small cations (i.e. 
Li+), but this is not always required. The presence of non-equivalent A- and B-
sites provides an extra degree of freedom, which can be transduced into the 
possibility to confine magnetic and ferroelectric ordering to separate sublattices 
[127]. The possibilities to accommodate various cations within the five sites of 
the very flexible TTB structure, gives the prospect of finding many interesting 
and useful novel materials (practically infinite possibilities) by tuning the 
electric and magnetic properties through compositional variation [94,128]. 
 
1.3.3 Interest in ferroelectric and multiferroic tetragonal tungsten bronzes 
 
In the latest years, there has been a resurgence in research dedicated to 
discovery of novel ferroelectric and ferroelectric-related (i.e. relaxors) materials, 
primarily due to the combination of the requirement of lead-free alternatives to 
PbZrxTi1-xO3 (PZT) [129] and the recent renaissance in multiferroics [91]. To 
date, much of the search for such new materials has largely centred on 
perovskite-based (ABO3) materials; though, the most frequently encountered 
problems are: i) the presence of lead (Pb) in the structure – which is not an eco-
friendly element but constitutes one of the best source for dielectric properties, 
ii) the poor dielectric properties (leakage between active ions) resulting in the 
inability to sustain an electric field sufficient for hysteretic switching, iii) the 
temperature of magnetic ordering is sub-ambiental, or iv) the coupling at room 
temperature is very weak [127]. Nevertheless, some of these problems were 
reduced either by finding new lead-free materials such as K1-xNaxNbO3 
(piezoelectric) [130], doping by single site substitutions or by solid solution 
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formation between ferroelectric, antiferro- and ferromagnetic perovskites 
including BiFeO3-PbTiO3 and BiFeO3-BaTiO3 [131]. Due to both their 
compositional flexibility and also because of our level of understanding 
mechanisms to tune properties in this structure type, BiFeO3 has become the 
most well-known room temperature multiferroic [132]; simple arguments based 
on steric considerations (tolerance factor), cation and charge ordering, or the 
octahedral tilting constitute tools to be exploited in the quest for new perovskite 
ferroelectrics and multiferroics.  
More recently, the tetragonal tungsten bronzes (TTB) class of materials, 
has begun to garner renewed interest in the research community. These 
materials, known to exhibit diverse properties as a result of compositional 
flexibility and by a higher probability for cation ordering, may offer better ways 
of attaining room temperature ferroelectricity and (anti)ferromagnetism, 
multiferroic behaviour and eventually magnetoelectric coupling [127,133]. This 
rich diversity of elements which can be incorporated into the TTB structure 
allows for compositional tuning that has been exploited for development of 
new phases [127] ranging from ferroelectrics [128,134,135] to microwave 
dielectrics [136,137] and to ionic conductors [138]. 
Giving the interest for finding ferroelectric ferrimagnets in the 1960’s and 
1970’s, it is no surprise that the search included some TTB oxides [127]. 
Although several studies attempted to incorporate cations with uncompensated 
spins into the structure for inducing magnetic ordering, the findings were 
contradictory and in some cases even incomplete [127]. Whilst ferroelectric 
TTBs (including Ba2NaNb5O15 [139-141] and (Ba,Sr)Nb2O6 [142-144]) were 
widely investigated during those years, the amount of study is surprisingly 
limited relatively to perovskites and our understanding of manipulating this 
structure type is still poor [127]. 
Early attempts focused on tungsten bronzes of nominal composition 
A6B10O30 (mainly compositions where the C-sites are vacant), in particular a 
special interest was developed for the Nb-based TTBs [145-147] due to their 
enhanced ferroelectric properties over other analogues such as Ta [136,148].  
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Much of the focus on recent TTB materials has been directed at 
Ba6Ti2Nb8O30 [149] and its doped analogues as a result of both Ti4+ and Nb5+ 
being considered to be ferroelectrically active ions and due to the high Curie 
temperatures, TC, (≈ 500 K) observed in these materials. Isovalent replacement 
of the Ba2+ cation with either Sr2+ or Ca2+ has been shown to result in changes in 
symmetry and thus shift the value of TC [150].  Neurgaonkar et al. reported that 
Sr6Ti2Nb8O30 was of orthorhombic structure in comparison with Ba6Ti2Nb8O30 
which is tetragonal [150], with a minimum in TC observed at ca. 70 mol% Sr 
substitutions that they have associated with a morphotropic phase boundary 
between the Ba-rich tetragonal phases and orthorhombic Sr-rich compositions. 
Furthermore, they demonstrated that the addition of Ca2+ stabilised the 
orthorhombic distortion. However, little work has been undertaken in 
understanding the effects of B-site doping on the observed ferroelectric and 
dielectric properties. Replacement of Ti4+ in ferroelectric Ba6Ti2Nb8O30 TTBs 
with Sn4+, Zr4+ or Hf4+ has demonstrated that TC decreases with increasing cell 
volume (M4+ ionic radius) [149,150]. The effects of incorporating larger valence 
cations such as Bi3+ and RE3+ (RE = La, Pr, Nd, Sm, Eu, Gd or Dy) onto the A-
site, through cooperative doping with Ti4+ on the B-site, has also been reported 
[134,135,151,152]. It has been shown that whilst incorporation of La3+ or Bi3+ 
into the structure results in relaxor-type ferroelectric character, incorporation of 
the smaller rare earths results in classic ferroelectric behaviour [134,151]. More 
recently it has been suggested that the ferroelectric behaviour in these materials 
is dominated by the A-site cations and in particular by the ionic radius 
difference between the ions on the A1 and A2 sites [153].  
As well, the incorporation of non-ferroelectrically active species, such as 
Fe3+, Ni2+ and Mg2+ into the tetragonal tungsten bronze (TTB) framework has 
also been reported [154-157]. However, with regard to the perovskite structure 
and as mentioned before, the TTB one offers an extra degree of freedom since 
the A- and B-sites are non-equivalent. Therefore, these additional possibilities 
encouraged somehow a number of researchers to choose ferroelectric materials 
and dope them with magnetic species in order to obtain multiferroic and 
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magnetoelectric materials. In particular, many alkaline earth niobates 
containing d-block metals such as Fe3+, Co3+ or Mn3+ on the B-site, sometimes 
accompanied by RE on the A-site, were synthesized; these materials may be 
represented by the following general formula: A6-2xRE2xM1+xNb9-xO30 (where A2+ = 
Ba2+, Sr2+, Ca2+; RE3+ = La3+, Nd3+, Sm3+, Gd3+ and M3+ = Fe3+, Co3+, Mn3+) [127]. For 
the RE substituted samples, studies have shown the size of the rare earth (RE) 
ion to have a large influence on the observed properties [158,159]. Generally, 
the Fe-based analogues were preferred to the Co [156,160] and Mn [161] ones 
since they produce fewer complications during synthesis. However, all these 
papers did not considered to study them as solid solutions, but rather as line 
phases: i.e. either as Ba6FeNb9O30 (x = 0) or as Ba4RE2Fe2Nb8O30 (x = 1) [127].  
In an abstract from the “Proceedings of the Fifth Symposium on Magnetism 
and Magnetic Materials” (Detroit, 1959), which was further published as half-
page paper in J. Appl. Phys. [162], Fang and Roth have mentioned about 
ferroelectric and ferromagnetic behaviour in the compositions 
Ba4RE2Nb8Fe3+2O30 (where RE = Nd3+, Sm3+, Gd3+). They have reported to be some 
ferroelectric hysteresis and a measurable magnetic susceptibility, and even 
saying that “there seems to be some correlation between the ferroelectric and 
ferromagnetic properties” [162], but showed no data to support this [127]. 
Krainik et al. [163] showed later temperature-dependent dielectric data 
(permittivity and loss) of these compositions, but none of them presented 
evidence of ferroelectricity; however, the possibility to have antiferromagnetism 
or ferromagnetism was not excluded. It is worth mentioning that 
Ba4RE2Nb8Fe3+2O30 (corresponding to x = 1 in the Ba6-2xRE2xFe1+xNb9-xO30 general 
formula) does not always form – as they have reported for some of the RE, and 
when it does, it was not explained why [162].  
Further to this initiative report [162], for x = 0 chemical composition (in 
Ba6-2xRE2xFe1+xNb9-xO30), Ba6FeNb9O30 ceramic (to be referred later as BFNO) 
was synthesised by several authors [156,157,161,163-165]; incomplete, and in 
some cases contradictory data have been published. Ismailzade work [164], 
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published in 1963, relies on very poor X-ray diffraction data which were 
indexed by hand; these results were assumed by Krainik et al. [163] one year 
later. Henshaw et al. [165] confirmed the tungsten-bronze structure only by 
comparing the X-ray diffraction pattern with a computer simulated one 
reported in the ICSD database [111], relying only on what they describe to be 
“completely matching”. Once more, they admit refining the structure by 
Rietveld method, however without mentioning the space group employed. 
Regarding the physical properties of BNFO, it was reported to be ferroelectric 
with TC values either in the range 133-138 K [166] or 570-583 K [156,160]. In all 
cases, these reports were based on the observation of a peak in the dielectric 
permittivity obtained using fixed frequency measurements. Later studies by 
Arnold & Morrison [94] and subsequently Liu et al. [167], using variable 
frequency dielectric spectroscopy, showed that in fact this compound displays 
relaxor-type behaviour with peak maxima in the dielectric permittivity 
occurring in the temperature range 130-150 K. Preliminary data from this study 
(not presented here) indicated that BFNO is not electrically homogeneous, with 
oxygen vacancy gradients due to the variable oxidation state of Fe (Fe3+/Fe2+). 
Both lower temperature dielectric spectroscopy data and high temperature 
impedance spectroscopy measurements revealed a higher number of 
electroactive regions than expected. In order to avoid this additional 
complication during the study of this type of materials, Fe3+ was replaced by 
other trivalent species which do not have variable oxidation states. Arnold & 
Morrison [94] reported the family of relaxor TTBs of composition Ba6M3+Nb9O30 
TTBs where the trivalent species do not have variable oxidation states (e.g. Ga3+, 
Sc3+, In3+ and Y3+); they showed that with increasing ionic radii of the M3+ ions in 
Ba6M3+Nb9O30 TTBs (M3+ = Ga3+, Fe3+, Sc3+, In3+ of Y3+), the temperature of the 
permittivity peak maximum (Tm) is dramatically shifted to higher temperatures 
[94]. This is in contrast with previous data reported for Ba6M4+2Nb8O30 materials 
which exhibit decreasing Tm or TC with increasing M4+ ionic radius [149,150]; 
however, these seemingly contradictory results were explained by the 
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polarisation/polar ordering which becomes increasingly stabilised to higher 
temperatures with increasing tetragonality (c/a) [94]. Irrespective of the valence 
of the metal ion in the TTB, the transition temperature increases with increasing 
tetragonality (strain) [94]. While these observations marked steps towards 
quantitatively correlating the compositional-structure-property relations in 
TTBs so that a “global” understanding of these materials similar to those in 
perovskites would be utilised in the design of new functional materials, the 
precise origin and nature of their relaxor behaviour was not reported. 
 
1.4 General aspects of the current project and this study 
 
The aim of this work, therefore, was to investigate in more detail the 
relaxor properties of the family of TTBs Ba6M3+Nb9O30 (M3+ = Ga3+, Sc3+ and In3+ 
as described above and in Ref. 94, and also their solid solutions). More 
specifically it was hoped to understand the microscopic origins of the relaxor 
behaviour (i.e., may be the dipolar response attributed to a specific cation site, 
either on the A- or B- cation sublattice) and to determine if these materials are 
relaxor ferroelectric or canonical relaxor dielectrics. In order to do this, the 
materials were characterised by a combination of electrical measurements 
(dielectric and impedance spectroscopy), and crystallographic studies using 
powder X-ray and neutron diffraction as a function of temperature.  
In the present study, besides the introductory chapter (Chapter 1) and 
the experimental chapter (Chapter 2), the original part of the PhD thesis is 
divided in three entirely original chapters (Chapters 3, 4 and 5). The conclusions 
and description of the further work are gathered in Chapter 6. In what follows, 
the summary of the most important aims to be developed through the original 
chapters are briefly mentioned.  
 In Chapter 3, the full structural and dielectric characterisation of 
Ba6M3+Nb9O30 (where M3+ = Ga3+, Sc3+ and In3+) TTB relaxor materials (relaxor 
dielectrics, of “dipole glass”-like type model) is discussed. Characteristic 
temperature parameters for each sample were extracted from both dielectric 
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and crystallographic data as a function of temperature: the Vogel-Fulcher 
temperature, TVF; TUDR corresponding to absolute flattening of the dielectric loss 
peak in the frequency domain; and Tc/a corresponding to the maximum 
crystallographic tetragonal strain. These temperature parameters were 
essentially coincidental and describe the slowing of dipoles on cooling and the 
eventual “locking” of the B-cation displacements along the c-axis, (i.e. dipole 
freezing).  
In Chapter 4, an in-depth analysis of the relaxor behaviour for the same 
Ba6M3+Nb9O30 (where M3+ = Ga3+, Sc3+ and In3+) system was carried out, with 
the emphasis on the degree of relaxor behaviour (frequency dependence of Tm) 
of each compound and investigation of the reliability and robustness of the 
widely used Vogel-Fulcher analysis. In addition, the structural and electrical 
properties of the Sc-In solid solutions were investigated. While additional 
features in the dielectric spectroscopy data were revealed, the inconsistency of 
the Vogel-Fulcher fitting of dielectric permittivity data is significant and it may 
be due to the unfortunate overlapping of several dielectric processes. The 
Vogel-Fulcher (VF) model was also applied in an attempt to fit the dielectric 
loss data, the results, however, gave non-physical results and it was found that 
for loss data a combination of Arrhenius and Universal Dielectric Response 
(UDR) modelling of the dielectric loss was more appropriate. 
In Chapter 5, a study of the reproducibility of acquisition and analysis of 
dielectric data is described. The application of the Vogel-Fulcher expression to 
fit dielectric permittivity data is investigated, from the simple unrestricted 
(“free”) fit to a wider range of imposed values for the VF relaxation parameters 
that fit with high accuracy the experimental data. The reproducibility of 
dielectric data and of the relaxor behaviour with respect to various repeated 
sample batches and the influences due to measuring conditions (effect of the 
cooling rate, effect of cooling vs. heating) are discussed. The thermal processing 
(sintering and annealing) conditions proved to have significant influence not 
only on the number of dielectric relaxation processes observed samples, but also 
on the relative and overall magnitude of values obtained for dielectric 
Chapter 1 – Introduction and Background 
 - 50 -
permittivity. By decreasing the sintering/annealing temperature (to 1250 ºC) 
and in the same time increasing the number of thermal processing cycles, the 
parasitic effects attenuate. The possible origin of these additional processes was 
proposed to be due either to structural ordering of the B-site cations or to 
intrinsic defects. The UDR method allows better separation – if not total 
deconvolution - of the secondary dielectric processes from the main relaxation. 
The UDR analysis method proved to be less sensitive to fluctuations in the data, 
and can be employed to provide more repeatable and reliable results if the 
processing or physical measuring conditions are wisely chosen. 
In summary, ever-since the discovery of relaxors in 1954 by Smolenskii 
and co-workers [168,169], they have attracted continuous interest [170]. A large 
proportion of the perovskite-based relaxors contain lead, which is critical for its 
contribution to the dielectric properties [56] and the most important 
achievements have been presented in several review papers [93,171-173]. In 
addition, the majority of the tetragonal tungsten bronzes reported in the 
literature exhibit relaxor properties [174-179]; fortunately, the majority of them 
are lead-free materials [170,174,175]. It therefore apparent that, since the recent 
revival of tungsten bronzes as potential ferroelectrics or multiferroics, scientists 
working in this field have directed their researches ab initio to the development 
of such eco-friendly systems. The present study aims to provide useful 
information and a supplementary understanding of the tetragonal tungsten 
bronze structure with respect to the relaxor properties and hopefully offer 
solutions for tuning properties and developing novel ferroelectrics and, 
potentially, multiferroics.  
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Chapter 2 
 
Experimental Methods 
 
 
2.1 Sample preparation 
 
For each type of solid (single crystals, single crystals with defects, 
crystalline powders, non-crystalline powders, solid pieces, dense pellets or 
ceramic tubes, porous solids, gels and glasses, or thin films) specific preparative 
methods are used. The various methods for solid materials synthesis were 
classified by West [1], choosing the appropriate one to be specific for that class 
of materials: a) solid state reaction; b) crystallization of solutions, melts and gels; 
c) vapour phase transport; d) modification of structures by ion exchange and 
intercalation reactions; e) electrochemical methods; f) thin film deposition; g) 
growth of single crystals; h) high pressure and hydrothermal methods. 
In order to obtain bulk oxide powders, “solid state reaction” route is of 
particular interest. There are two “solid state reaction” methods, one known as 
“conventional solid state reaction” method and the other one as “co-
precipitation solid state reaction” method. 
 “Conventional solid state reaction” may be described as the mixing and 
the homogenization of reagent powders, grinding and heating them, while “co-
precipitation solid state reaction” method uses liquid solutions of complex 
precursors (e.g. oxalates) in order to achieve homogeneity, afterwards 
precipitating them gradually together and thus obtaining fine solid solutions of 
powders which contain the metals mixed together at atomic scale, prior to 
heating. 
 Since solid solutions generally do not take place at low temperatures, it is 
necessary to heat the reagents mixtures at higher temperatures (usually from 
1000 °C, up to 1500 °C) and therefore increase the reaction rate. In order to 
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complete the reaction between powder reagents and convert into the desired 
products, it is common to heat the mixtures at high temperatures for several 
hours or even days. 
Solid state reactions are difficult to guide since reaction rates are 
dynamically controlled by one of the following steps: a) material transport to 
the reaction interface; b) interface reaction; c) material transport from the 
reaction interface. 
This means that solid state reactions depend hugely on the contact area 
between reagents and are further conducted by inter- and counter-diffusion. 
Also, nucleation becomes difficult because there might be considerable 
structural differences between reagents and reaction products; bonds must 
therefore be broken and formed, followed by migration over significant 
distances. 
As well, possibilities for better preparation and processing depend on 
multiple variables, including: thermal regime (reaction temperature and time); 
controlled atmosphere; milling time and speed during milling; use of different 
reagents and binders. 
All the tetragonal tungsten bronze (TTB) oxide samples described here 
were synthesised by “conventional solid state reaction” method. The chosen 
synthesis conditions are justified by thermal analysis experiments performed at 
10 K·min-1 in dynamic air atmosphere on a horizontal “Diamond 
Differential/Thermogravimetric” Analyzer from Perkin-Elmer Instruments, 
and generally by thermal behaviour of similar systems [2]. The 
thermogravimetric data (TGA and DTG curves) indicate that decarbonatation of 
reagents finishes close to 1000 ºC. The differential thermal analysis (DTA) and 
differential scanning calorimetry (DSC) curves indicate two thermal events (at ~ 
1050 °C, and at ~ 1125 °C); it is possible that these designate the partial 
decomposition, supplementary demixing phenomena [2] or even the onset of 
significant solid state reaction under the heating conditions used here.  
All reagents were dried in a muffle furnace for 2 to 3 hours prior to use, 
as described in Table 2.1: 
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       Table 2.1 Reagents, purities and drying temperatures. 
Reagent Supplier Purity Drying temperature 
BaCO3 Hopkin & Williams LTD >99.0% 600 °C 
SrCO3 Sigma-Aldrich 98+% 600 °C 
CaCO3 Sigma-Aldrich 99.9% 600 °C 
Fe2O3 Sigma-Aldrich >99.0% - 
Ga2O3 Sigma-Aldrich 99.9% 600 °C 
Sc2O3 Stanford Chemicals 99.9% 600 °C 
In2O3 Sigma-Aldrich 99.9% 600 °C 
Nb2O3 Sigma-Aldrich 99.9% 600 °C 
La2O3 Griffin & George LTD - 1000 °C 
 
Reagents were mixed together using stoichiometric proportions in 
acetone, and ground using an agate mortar and pestle for 20-30 minutes until 
dry and homogenized. Powders were placed on platinum foil, in alumina boats 
and fired in a muffle furnace (static air atmosphere) straight to 600 °C. They 
were heated from 600 °C to 1000 °C, left to decarbonate the BaCO3, SrCO3 and 
CaCO3 reagents for 1 hour, and then fired for about 12-15 hours at 1250 °C. 
Afterwards, the samples were cooled to 600 °C, taken out to a glass desiccator 
containing silica gel and left inside to reach room temperature. They were 
additionally ground for 5 minutes in a planetary ball mill (agate mortar and 
balls) – Fritsch Pulverisette 7 - with rotation speed of 400 rpm and finally fine 
powders were obtained.  
Depending on the X-ray diffraction results, a second attempt for 
complete reaction was carried out for 6.5 hours, from temperatures ranging 
between 1250 °C and 1400 °C (usually at 1350 °C), this time using an alumina 
tube furnace which was sealed at both ends. The alumina boats were placed in 
the middle of the tube furnace and contained the previously ball-milled 
powders, supported on platinum foil. The reaction temperature was carefully 
chosen in order to avoid melting, evaporation or decomposition of the main 
TTB phase. These samples were also ball-milled between subsequent heatings, 
in the same manner as the one described above.  
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In order to reach the set reaction temperature or to cool it to 
temperatures adequate for handling the alumina boats, for both muffle (600 °C) 
or tube furnaces (r.t.), the cooling or heating rates employed were of 10 K·min-1.  
Pellets for scanning electron microscopy and electrical measurements 
were prepared by uniaxial pressing powders to 1 tonne in a 10 mm diameter 
stainless steel die, producing a pressure of around 200 MPa. The green bodies 
were sintered by placing them on platinum foil in alumina boats and heating at 
temperatures ranging between 1250 °C and 1400 °C (usually to 1350 °C) for 6.5 
hours. After heating, the cylindrical pellets had diameters typically between 9.6 
and 9.9 mm. 
The scanning electron microscopy measurements were carried out on the 
external surface of the sintered pellets, as well as on the fractured surfaces of the 
same. 
For the electrical measurements, both planar external surfaces of the 
dense ceramic pellets obtained after sintering were polished with polishing 
paper (SiC paper), then covered with organic-platinum paste electrodes 
(C2011004D5, Gwent Electronic Materials Ltd, UK). The pellets covered on one 
side with electrode paste were dried at 80 °C and placed on platinum foil; the 
platinum foil was supported onto a firebrick and put inside the muffle furnace 
at 600 °C. The furnace was slowly heated to 900 °C and isothermally kept for 1 
hour to eliminate the organic parts and sinter the electrode. After 1 hour, the 
temperature was decreased to 600 °C and the pellet removed from the furnace. 
When the pellet was cold enough, the action of electrode fabrication was 
repeated for the other side of the pellet. The platinum excess on the sides of the 
pellets were removed using a sharp knife blade.  
 
2.2 Determination of crystallographic phases of solid samples 
 
The basic difference between a gas, liquid and solid is the degree of order 
present in a solid compared to the other phases of the same material. Thus, 
solids can have several forms of symmetry [3]. For crystalline solids, the lattice 
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has a regular distribution of atoms and it is possible to characterize it by means 
of diffraction techniques; these are the most used for phase analysis and 
structural determination of the majority of new inorganic materials. 
Generally, diffraction was treated as an ordinary reflection of radiation in 
the inner planes of a crystal lattice (Figure 2.1). The resulting waves interfere 
with each other either constructively or destructively and produce a diffraction 
pattern that can be detected and recorded. The diffraction pattern is obtained by 
measuring the intensity of scattered waves as a function of scattering angle.  
 
 
Figure 2.1 Example of diffraction according to Bragg’s law [4]. 
 
Bragg peaks are obviously obtained in the diffraction pattern when 
scattered waves satisfy the Bragg condition (equation 2.1 – which can be 
obtained by simple geometric derivation).  
 λθ nsind2 =  (2.1)
where d is the distance between two neighbour planes of atoms, θ is the angle 
the incident radiation makes with the plane of atoms, n is the order of Bragg 
reflection and λ is the wavelength of the incident radiation. This equation is 
known as Bragg’s law and describes the condition for constructive interference 
from successive crystallographic planes of the lattice (the path difference 
between two waves, e.g. 1, 2 in Figure 2.1, undergoing constructive interference 
is given by 2d·sinθ). 
The angle of diffracted radiation is determined by the distance between 
the Miller planes and therefore, the lattice parameters of the crystal. The relative 
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intensities of the Bragg reflections, Ihkl, are dependent on a number of factors but 
most importantly on the position of the atoms within the unit cell. The 
scattering power for a reflection [hkl] (where h,k,l are the Miller indices) is 
defined by the structure factor Fhkl where Ihkl is the square of the amplitude of 
the structure factor as shown in equation 2.2: 
 2
hklhkl FI =  (2.2)
Knowing the wavelength of the incident radiation and by measuring the 
reflection intensities at various angles, the distance between the different planes 
of atoms (Miller planes) can be evaluated [4]. 
In the case of X-ray scattering, it is the atomic electron cloud that scatters 
radiation (dominated by heavy atoms), while the nucleus is responsible for 
diffraction in neutron scattering (even from light atoms). The structure factor 
for X-rays diffraction is given by equation 2.3: 
 
( )[ ]∑ −++−=
i
Wlzkyhxi2
ihkl
iiii eefF pi  (2.3)
and for neutron diffraction is given by equation 2.4: 
 
( )[ ]∑ −++−=
i
Wlzkyhxi
ihkl
iiii eebF pi2  (2.4)
The fractional coordinates of the ith atom are xi, yi and zi, fi is the 
scattering amplitude for the X-rays, bi the neutron scattering length and Wi is 
the Debye-Waller isotropic temperature factor and takes into account the 
thermal vibration of the atoms as defined by equation 2.5 [4]: 
 
2
222 sin8
λ
θpi i
i
u
W =  (2.5)
where 2iu  is the mean square displacement of the ith atom [4]. 
 
2.2.1 Powder diffraction 
 
Since the discovery of diffraction, single crystal data collection has been 
generally used to collect integrated intensity whereas powder diffraction has 
been regarded as more applied technique for phase identification and 
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quantitative phase analysis. The development of the Rietveld method has 
changed this statement. Moreover, often polycrystalline samples (powders) are 
easier to obtain than single crystals, especially in the case of incongruently 
melting compounds. 
The great advantage of powder diffraction is that it does not require 
growth and mounting of a single crystal. For neutron diffraction, a technique 
that requires larger samples than X-ray diffraction, this is a more important 
consideration than for the X-ray equivalent. Powders are very much the 
standard for neutron diffraction, and single crystal represents the exception. 
While powder diffraction allows better statistics, for single crystals, the results 
strongly depend on the tiny crystal that is selected to do all analysis. The great 
disadvantage of powder diffraction is that the three dimensional information of 
the reciprocal space of a crystal is projected into a one-dimensional 
diffractogram. Nevertheless, powder diffraction is a widely used technique. 
Powder diffraction allows various in situ experiments to be carried out, and 
also the characterization of mixed phase samples, which is clearly impossible 
with single crystals. An “advantages” vs. “disadvantages" comparison between 
powder and single crystal diffraction is presented in Table 2.2: 
 
Table 2.2 Advantages and inconveniences of powder and single crystal diffraction [5] 
Single crystal diffraction Powder diffraction 
Determination of the crystal structure 
with high precision and accuracy 
Identification of compounds or mixtures of 
different compounds 
Information on ordering in crystals Investigation on homogeneity 
Information on thermal motion and 
dynamics in crystals 
Information on stress, strain and crystal size 
Very precise bond length Quantitative phase analysis 
Imprecise for cell parameters 
Precise in fractional coordinates 
Determination of the crystal structure (usually not 
as precise as from single crystal structure analysis) 
 
2.2.2 Powder X-ray diffraction (PXRD) 
 
Usually, X-ray diffractometers are composed of three main parts: an 
electron source (hot W filament placed in high vacuum - cathode), a metal to 
Chapter 2 – Experimental Methods 
 - 65 -
produce the X-rays after the electrons are accelerated between the cathode and 
anode, and the detector. 
There are a few ways of constructing the instruments, thus for 
performing X-ray diffraction experiments, of which the most important are: 
Debye-Scherrer and Bragg-Brentano.  
For this work, a STOE StadiP transmission mode diffractometer, which 
uses a copper source (λCu Kα1=1.5405 Å), was utilized. The generator was used at 
40 kV and 40 mA. Samples were ground and placed between transparent plastic 
foils in steel disks. The materials were investigated over a 2θ range, from 20 to 
100 º in steps of 0.2 °, lasting from 1.5 to 2.5 hours; in order to perform accurate 
Rietveld refinements of the structures, longer scans were also carried out.  
The phase analysis of the powders was carried out by comparing the X-
ray diffraction diagrams with those reported in the literature or with those from 
the ICSD [6] and ICDD [7] databases. 
More in-depth analysis was done for single-phase materials, where the 
lattice parameters were obtained by refining the X-ray diffraction data by 
Rietveld method. 
 
2.2.3 Powder neutron diffraction (PND) 
 
Neutron diffraction techniques can offer complementary information to 
X-ray diffraction since the scattering properties are different. For example, the 
neutron diffraction is able to provide a better resolution at high angles, the 
positions of atoms in the lattice, the possibility of discrimination between 
elements with close atomic number. As well, neutrons can diffract with 
elements that have much lighter nuclei (lower Z), even when present in the 
same unit cell together with heavier atoms. The standard techniques to produce 
neutron diffraction are: spallation and reactor sources.  
Since the neutron flux from just one source is smaller than the flux of X-
rays, the equipment producing neutrons must be scaled up in order to obtain 
enough beam and therefore reasonable diffraction data collection times. 
Novel Polar Dielectrics with the Tetragonal Tungsten Bronze Structure 
 - 66 -
Neutron diffraction experiments were carried out at the Rutherford 
Appleton Laboratories (RAL) in Didcot, Oxton, UK (HRPD-POLARIS 
instrument) and at Institute Laue-Langevin (ILL) in Grenoble, France (D2B 
instrument). The Rutherford Appleton Laboratories (RAL) in Didcot, Oxton, UK 
is a spallation source (HRPD-POLARIS), which generates pulses of neutrons 
analyzed trough the time of flight technique [8]. This experimental arrangement 
produces a pulsed neutron beam, by bombarding a heavy metal with highly 
energetic protons (≈ 800 MeV) at a certain frequency. A high flux of neutrons 
are emerging the sample (≈ 30 neutrons/proton) [8]. Since the high energetic 
neutrons cannot be moderated for the usefulness of their wavelength for 
diffraction from crystals, the detector is placed at fixed scattering angles (2θ), 
and the time that neutrons with different wavelengths take to reach the detector 
can be measured through the time of flight method and the scattered intensity is 
determined as a function of the wavelength [8]. 
The “time of flight”, for given reflection, thkl, is related to the de Broglie’s 
relation by equation 2.6: 
 hkl
n
hkl dh
Lm
t 





=
0sin2 θ  (2.6)
where mn is the neutron mass, h is Planck’s constant (6.626 × 10-34 J·s), L is the 
total flight path and 2θ is the fixed scattering angle. The ceramic powders (5 to 
15 g) were placed into cylindrical vanadium containers since this element 
hardly scatters neutrons. The spectral information may be adjusted by 
measuring the isotropic scattering from the empty standard vanadium 
container [4]. 
 
2.2.4 Refining the structure (Rietveld method) 
 
In 1969 Rietveld [9] proposed a method which uses the least squares 
minimization for the refinement of the overlapping peaks in the X-ray or 
neutron diffraction measurements for the determination of the structure of 
investigated crystalline powders. 
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Refinement of X-ray and neutron diffraction data was carried out using 
GSAS software [10], by generating theoretical patterns from a proposed or a 
previously reported phase and trying to adjust them to the experimental data. 
The GSAS algorithm minimizes by least square method the sum (in 
equation 2.7) of the differences between the experimental values of the 
diffraction intensity peaks and the calculated ones. 
 ( ) ( )[ ]2
1
0∑
=
−=
N
i
icii IIwS         (2.7)
For each point in the diffractogram (i from 1 to N), there can be defined: 
wi – statistic coefficient, (I0)i – normalized total intensity of the profile and (Ic)i – 
calculated intensity of the profile. 
The main information which may be obtained by applying the Rietveld 
formalism are: parameters of the elementary cell, the position of the atoms in 
the elementary cell, the occupancy level of different atoms and the thermal 
atomic displacement factor. 
 
2.3 Determining the morphology of solids 
 
2.3.1 Electron microscopy 
 
Electron microscopy is today one of the most widely used group of 
techniques in the field of characterization of materials. In all microscopes, the 
resolution limits are determined by the wavelength of the radiation involved. 
For optical microscopes (using the visible part of the electromagnetic spectra), 
the average wavelength may be considered to be 0.5 µm, while in an electron 
microscope, the average wavelength is a function of the accelerating voltage of 
electrons (for 50 kV it results a associated electron wavelength of 0.05 Å). This 
means at least a 105 times better resolution for electron microscopes compared 
to traditional optical microscopes.  
An electron beam which hits a sample surface, produces elastic and 
inelastic events (resulting from interaction of primary electrons with sample 
atomic nuclei and electrons, respectively). This generates several particles and 
Novel Polar Dielectrics with the Tetragonal Tungsten Bronze Structure 
 - 68 -
electromagnetic phenomenon: a) Auger electrons; b) secondary electrons; c) 
backscattered electrons; d) absorbed electrons; e) transmitted electrons; f) 
characteristic X-rays; g) cathode-luminescence. 
Historically, the development of electron microscopes has two main 
directions: the Transmission Electron Microscope (TEM) and Scanning Electron 
Microscope (SEM); both are almost reaching their theoretical limitations. All 
electron microscopes have three common parts: electron gun, electromagnetic 
lenses and detector. Table 2.3 presents the characteristics of TEM’s and SEM’s. 
 
Table 2.3 Main characteristics of TEM’s and SEM’s 
Characteristics TEM SEM 
maximum resolution 1 Å 5 Å 
accelerating voltage 20 - 1250 kV 0.2 - 50 kV 
sample type thin film bulk 
image 
internal structure, high 
resolution images 
sample surface 
 
2.3.2 Scanning electron microscopy (SEM)  
 
Scanning electron microscopy (SEM), despite the fact that it was first 
mistrusted with regard to its possible applications, is today one of the most 
used microscopy in materials science and engineering; modern SEM provides 
an image resolution typically between 1 nm and 10 nm. 
In scanning electron microscopy, an electron beam is scanned across the 
sample. By scanning simultaneously in two perpendicular directions, a square 
area of sample can be covered and an image of this can be formed by collecting 
secondary electrons (atomic electrons ejected from the specimen as a result of 
inelastic scattering) from each point of the specimen. A signal derived from 
backscattered electrons (incident electrons elastically scattered through more 
than 90º) is also useful for determining second phases. 
 The image is generated point by point rather than simultaneously as in 
other electron microscopy techniques. Valuable information about morphology, 
surface topology and composition can be obtained. SEM images have relatively 
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large depth of focus: specimen features that are displaced from the plane of 
focus appear almost sharply in focus (because electrons are travelling close to 
the optic axis which is a requirement for obtaining good image resolution). 
In order to correlate to the electrical properties, SEM was used to 
determine the grain size, observe the porosity and any obvious second phases. 
For this purpose, only secondary electrons (SE) were used to record the images 
– a backscattered electron facility was not available. Secondary electron images 
are derived from secondary electrons that escape into the vacuum, the SE image 
is a property of the surface structure of the specimen rather than any 
underlying structure; thus, the image displays topographical contrast. In 
practice, there is usually some asymmetry due to the fact that the SE detector is 
located to one side of the column rather than directly above. Surface features 
that are tilted toward the detector appear especially bright because electrons 
emitted from these regions have a great probability of reaching the detector. 
This fact can be used to distinguish raised features and depressions in the 
surface of the specimen [11].  
 In our experiments, a JEOL JSM 5600 SEM machine with attached EDX 
system, providing 3.5 nm resolution and a magnification of 300,000× was 
utilized. The employed current can be from 10-9 to 10-12 A and the accelerating 
voltage from 0.5 to 30 kV. A copper cylinder, covered with carbon tape was 
secured onto an aluminium support. Small pieces of ceramic materials were 
placed on the carbon tape. The aluminium support was introduced into the 
JEOL JSM 5600 SEM machine and the scans were started only after vacuum was 
obtained in the chamber. 
 
2.4 Immittance spectroscopy of electroceramics 
 
Electroceramics are advanced materials that are used in high technology 
applications. Their properties depend on the complex interplay of structural, 
processing and compositional variables. Even simple single-phase ceramic 
materials (not composite materials) have complex behaviour, of which usually 
the bulk (intrinsic) properties of the crystal are those of interest; therefore, dense 
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ceramics – free from extrinsic effects (e.g. grain boundary, surface and electrode 
interfaces, dopant segregation, etc.) – are desired. In order to probe or 
distinguish between different regions within the ceramic, microstructural 
characterization techniques shall be used [12]. Electron microscopy techniques 
with incorporated analytical facilities have been widely used for determining 
structural and compositional variations but provide limited or no insight into 
differences in electrical behaviour. Although the electrical properties of 
materials are closely related to their physical microstructure, for the electrically 
active regions, the above mentioned technique is not appropriate, and 
techniques which combine microscopy and electrical probes are not easy to 
handle [13]. Cathode-luminescence techniques [14] have been used to observe 
directly potential barriers at grain boundaries but again this is a complex 
technique which can be destructive to the sample. More commonly separation 
of grain boundary and bulk effects can be achieved by measuring electric 
properties using techniques such as impedance spectroscopy [15].  
 
2.4.1 Immittance spectroscopy and complex formalisms  
 
Immittance spectroscopy is a complex and powerful technique used for 
characterizing the electrical microstructure of ceramics [16]. Such AC methods 
used over a wide range of frequencies have obvious advantages over the 
conventional DC resistance method [15,17], providing a better understanding of 
different regions or even electrically inhomogeneity in materials. Each 
electroactive region (individual grains, grain boundaries, surface layers, etc.) is 
characterized accordingly to its resistive and capacitive behaviour, measured as 
resistance (Ri) and capacitance (Ci), respectively. Usually, both resistive and 
capacitive processes occur in parallel, therefore the overall response is 
represented by a parallel RC element, with the product of the two R and C 
components giving a characteristic electrical relaxation time (or time constant), τ 
– equation 2.8, which is unique to a region within a material [15,18]. 
 
 τi = Ri · Ci (2.8) 
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In the particular case of our tetragonal tungsten bronzes, the materials 
may be regarded as consisting of bulk (b) and grain boundary (gb) regions, each 
of them to be identified by one RC element for the intragranular (bulk) 
response, and one RC element for the thin layer grain boundary effects. There 
are cases when other electroactive regions (additional parasite regions, usually 
surface layers or non-ohmic pellet/electrode contacts) manifest in the electrical 
responses; they can be described as well by parallel RC elements, placed in 
series with those used for the grain boundary and bulk regions [18].   
Information such as the Curie temperature, individual resistance and 
capacitance, electrical conductivity and activation energy for conduction may 
be extracted from the immittance spectroscopy experiments. In order to 
describe the behaviour of different regions within our ceramics, immittance 
spectroscopy studies have to be performed. These can be characterized by 
plotting one of the inter-related immittance formulas: admittance, impedance, 
electric modulus and electric permittivity.  
Generally, because of historical reasons and the inter-relation of 
immittance formalisms, the term of “immittance spectroscopy” is replaced by 
the one of “impedance spectroscopy”, which is more frequently used. It is often 
the case that alternative formalisms of data presentation can yield additional 
information that is not easily accessible from the impedance complex plane 
alone [12]. The four inter-related complex formalisms that describe the electric 
ac data are: 
Impedance (Z*), Z* = Z’ – j·Z”              (2.9) 
Electric modulus (M*), M* = M’ + j·M” = j·ω·C0·Z* (2.10) 
Relative electric permittivity (ε*), ε* = ε’ + j· ε" = (M*)-1 (2.11) 
Admittance (Y*), Y* = Y’ – j·Y" = (Z*)-1 = j·ω·C0· ε* (2.12) 
where : j= 1− , ω is the angular frequency (2πf) and C0=ε0·A·l-1 (where C0 is the 
vacuum capacitance of the cell without sample, ε0 is the permittivity of the free 
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space 8.854 × 10-14, l and A are the thickness of the pellet and area of the 
electrode, respectively). 
Immittance data can be plotted in two ways: complex plane or Nyquist 
plots (imaginary vs. real) which result in semicircular arcs for each RC element; 
and spectroscopic or Bode plots (real or imaginary vs. frequency). For the latter, 
the imaginary component is typically used, as this results in a Debye peak 
associated with each RC element as described later. In most of the cases, the 
impedance spectroscopy plots are composed of several overlapping 
semicircular arcs or Debye-like peaks representing the contributions of various 
components to the overall resistance and capacitance of the sample. Such 
experimental plots may be fitted by a combination of equivalent parallel 
circuits, using the existing software. Each electroactive region in the sample (e.g. 
bulk and grain boundary) has a characteristic response and to a first 
approximation, the total behaviour can be modelled using equivalent circuits 
consisting of two parallel resistor-capacitor (RC) electrical elements that are 
connected in series (Figure 2.2).  
 
 
Figure 2.2 – Equivalent circuit for impedance spectroscopy data analysis of the 
TTB ceramics, with typical values for the bulk and grain boundary 
resistance and capacitance [18]. 
 
These RC elements may be separated into their constituent R (resistance) 
and C (capacitance) values by using both impedance and electric modulus 
[12,20] formalisms. Each RC element gives rise to a semicircle in the complex 
impedance (Z*) and complex electric modulus (M*) plots (Figure 2.3a and 
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Figure 2.3b). Each RC element also gives rise to a Debye-like peak in the 
spectroscopic plots of the imaginary impedance (Z”) and imaginary electric 
modulus (M”) vs. freq., Figure 2.3c. In instances where well resolved, almost 
perfect semicircular arcs are observed reasonably accurate values of R and C 
may be obtained from the intercepts in the complex plane plots of Z* (Z” vs. Z’) 
or M* (M” vs. M’). In some cases, however, only one asymmetric semicircle is 
present in each of the complex Z* or M* plots and data analysis is more difficult 
and time-consuming, and the results less accurate. 
The generation of a Debye peak by an RC element in both Z’’ and M’’ as 
a function of frequency is described by: 
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(2.14) 
Debye peaks in Z” spectra are dominated by RC elements with largest R 
values whereas the M” spectra are dominated by RC elements with smallest C 
values (typically the largest volume fraction and therefore the bulk response). 
The angular frequency (ωmax) at the maxima of Z* or M* semicircles, and 
correspondingly at the Debye peak maxima for each RC element is given by 
equation 2.15: 
 
11
maxmax )(2 −− === τpiω RCf  (2.15) 
where the product R·C is the time constant, τ, of the corresponding RC element. 
The time constant, τ, and the frequency at the peak maximum, fmax, are therefore 
intrinsic characteristics of each the RC element since they are independent of 
geometry [18]. 
For an ideal (Debye response) the magnitude of the imaginary 
(impedance and electric modulus) data at the peak maxima, where ωmax·R·C = 1, 
are given by equations 2.16 and 2.17: 
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 2/"max RZ =  (2.16) 
 )2/(" 0max CM ε=  (2.17) 
Using these expressions, R and C values can be easily estimated from 
Z”max and M”max, respectively. Subsequently, by using equation 2.15, the 
associated C and R values can be determined. From the magnitude of the C 
values, the response can then be assigned to various electroactive regions, e.g. 
bulk, grain boundary, electrode, etc. [12]. 
For the tetragonal tungsten bronze (TTB) ceramics studied in this thesis, 
all microstructural and electrical results led to the conclusion that the 
equivalent circuit presented in Figure 2.2 consisting of two parallel resistor-
capacitor (RC) elements connected in series is the most appropriate, and that 
the elements are characteristic for the bulk and grain boundary responses. The 
assignment of each RC element was based on the magnitude of capacitance; 
characteristic values for capacitance and their associated response are presented 
in Table 2.4. 
 
Table 2.4 Capacitance values and their possible interpretation [12]. 
Capacitance value [F] Phenomenon responsible 
    10-12 bulk 
    10-11 minor, second phase 
    10-11 – 10-8 grain boundary 
    10-10 – 10-9 bulk ferroelectric 
    10-9 – 10-7 surface layer 
    10-7 – 10-5 sample-electrode interface 
    10-4 electrochemical reactions 
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a) b) 
 
c) 
Figure 2.3 Response of the equivalent circuit in complex impedance, Z*, plane plot (a), in 
complex electric modulus, M*, plane plot (b) and combined Z” and M” spectroscopic plot (c). 
Typical values for the bulk and grain boundary regions are indicated [18]. 
 
From the complex plane plots (the Nyquist semicircles – Figure 2.4) it is 
also possible to extract values for the resistances and capacitances. For the 
equivalent circuit in Figure 2.2, but also by assuming other equivalent circuits 
(Appendix 2.1), the equations for the real axis intercepts in all four immittance 
formalisms may be derived (Appendix 2.2) and further, the corresponding 
resistances and capacitances may be obtained.   
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Figure 2.4 The frequency response in complex plane plots (Nyquist semicircles) 
for the four immittance formalisms [15]. 
 
In order to assign the semicircles to the responsible phenomenon, it is 
essential to have a picture of an idealized ceramic, with grains and grain 
boundaries and consider the factors which control the magnitude of the grain 
boundary impedance; therefore, in the case of Ca12Al14O33 material studied by 
Irvine and co-workers [12], the two semicircles in Figure 2.5 were assigned by 
relying on the brick-layer model. 
The high frequency semicircular arc (nearest the origin) in Figure 2.5 has 
a magnitude of capacitance typical for a bulk response, therefore this semicircle 
and its associated resistance is attributed to the bulk properties of the material 
[12]; this assignment is made simply on the basis of the expected relative 
permittivity for a non-polar oxide and on the sample geometry correction (A/l). 
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Figure 2.5 Impedance data for Ca12Al14O33 presented in the  
complex impedance plot [12]. 
Assignment of the low frequency semicircle (right side semicircle) in 
Figure 2.5 is more complicated. To introduce a model that describes the 
electrical microstructure of the material, the brick-layer model may be the most 
suitable [12]. It represents a ceramic composed of cube-shaped grains of 
dimensions l1, separated from each other by a boundary of thickness l2 (Figure 
2.6). 
 
Figure 2.6 Brick-layer model of grain and grain boundary regions in a  
ceramic placed between metal electrodes [12]. 
 
Starting from the general expression of the capacitance: C0=ε0·A·l-1 
(where C0 is the vacuum capacitance of the cell without sample, ε0 is the 
permittivity of the free space 8.854 × 10-14, l and A are the thickness and 
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respectively the area of the pellet), it results easily that for the idealized case, 
equation 2.18 holds. 
 
1
2
l
l
C
C
gb
b
=  (2.18) 
Usually, the grain boundary capacitance lies between 10-11 and 10-8 F; the 
higher capacitances occur in materials that are well sintered and have narrow 
intergranular regions [12]. The poorly sintered materials have lower 
capacitances and contain constriction resistances or narrow contacting necks 
between grains [21]. For the case of Ca12Al14O33 sample presented in Figure 2.5, 
the grain boundary capacitance is quite large, indicating a well-sintered 
material. The situation is complicated when the current pathways are 
constricted at narrow necks between grains (whose properties may be, or not, 
identical to those of the grains) and the air gaps between grains (when no grain-
grain direct contact occurs) behave as purely capacitive regions [15]. 
Presenting data as both impedance and electric modulus spectroscopic 
plots has many advantages, highlighting different aspects of the sample; the 
impedance plots pick out the most resistive elements in the sample (as Z”max = 
R/2) and the electric modulus plots pick out those elements with the smallest 
capacitance (as M”max = ε0/(2C)) [12]. Also, in inhomogeneous materials which 
are represented by more than one equivalent circuit (RC element), the resulting 
Z” and M” spectra have a very different appearance – as in Figure 2.7 [12]; it 
results that for the same particular RC element, Z” and M” should be coincident 
on the frequency scale, as indeed they are for the lower frequency of the two 
peaks [12,19]. 
As a first stage of data analysis, the number of electroactive regions were 
evaluated from the number of Debye-like peaks in the Z” and M” spectrum and 
which appear at distinct relaxation frequencies. Since at room temperature the 
peaks are not present in the measuring frequency range (roughly, 10-107 Hz), 
measurements at higher temperatures have been carried out. 
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Figure 2.7 Impedance and electric modulus spectroscopic plot  
for the doped BaTiO3 [12]. 
 
For the obtained results we have not considered non-Debye theories and 
concepts such as: distribution of relaxation times (DRT) [16], constant phase 
elements (CPE) [22] or universal dielectric response (UDR) [23]. As previously 
shown, different equivalent circuits may give rise to the same apparent 
impedance response [15], but the non-Debye refinements of a less correct circuit 
don’t have however a huge influence on the obtained results in this case.  
In order to deconvolute different processes within the investigated 
ceramics, the electrical conductivity, σ, has to be evaluated. It was possible to 
evaluate the electrical conductivity of both bulk, σb, and grain boundary, σgb, 
responses at high characteristic temperatures (for the bulk, from M” vs. freq. 
data and for the grain boundary, from Z” vs. freq. data). The electrical 
conductivity data, σ (where σ=1/R), of both bulk and grain boundary 
components for all TTB samples, follows the Arrhenius-type behaviour as 
described by equation 2.19: 
 




−
⋅=
kT
E a
e0σσ  
(2.19) 
where σ0 is the pre-exponential factor, Ea is the activation energy of the electrical 
conduction process, k is Boltzmann constant and T is the temperature.  
Bulk electrical conductivity, σb, evaluated from the M”max vs. freq. data 
contains a systematic error as first a perfect Debye response is assumed in order 
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to calculate Cb using (equation 2.17).  This approximation is further transformed 
into Rb (from equation 2.15, and is equal to 1/(2̟fmaxCb)), and only used to 
calculate σb. In the case of the grain boundary electrical conductivity, σgb, 
evaluated from the Z”max vs. freq. data, there is again a simplification of 
assuming a Debye response in order to calculate Rb, (equation 2.16). In order to 
understand weather the bulk response or the grain boundary response is 
dominant, the activation energy of the conduction process has to be evaluated. 
In cases of poorly resolved RC elements and resulting peak overlap, a much 
simpler and direct evaluation may be however performed by using the time 
constants, τ, which can be calculated directly from the frequency at the M” and 
Z” peak maxima, fmax, and equation 2.15. This approach is more consistent and 
more accurate, requiring no additional approximations. It was possible to 
measure the time constant of both bulk (τb) and grain boundary (τgb) 
components at high characteristic temperatures (for the bulk, from M” vs. freq. 
data and for the grain boundary, from Z” vs. freq. data). 
The time constant data, τ (where τ = 2̟fmax), of both bulk and grain 
boundary components for all insulating samples, follow the Arrhenius-type 
behaviour also, as described by equation 2.20: 
 kT
Ea
e
−
⋅= 0ττ  
(2.20) 
where τ0 is the pre-exponential factor.  
Besides information on the conduction mechanisms of the grain 
boundaries the employment of the time constant provides supplementary 
information about the concentration of carriers (assuming similar motilities in 
all samples).  
 
2.4.2 Dielectric spectroscopy and impedance spectroscopy  
 
Since the investigated compounds in the present work have very high R 
values at temperatures under ca. 600 K, they are insulating materials 
(dielectrics) and essentially they behave as simple capacitors. Their dielectric 
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properties were therefore characterised in terms of the complex permittivity, ε*, 
with the relative permittivity and dielectric loss determined from 
measurements of capacitance (C) and dissipation (D), as described in chapter 1. 
This approach of measuring the complex permittivity as a function of frequency 
and temperature is commonly referred to as dielectric spectroscopy and was 
used in order to determine if the compositions underwent any structural phase 
transitions, and in the case of those exhibiting relaxor behaviour to probe the 
dipolar response and to reveal more information on the nature of the relaxation 
behaviour. 
The dielectric spectroscopy measurements of the electroded ceramic 
pellets (prepared as previously described in section 2.1 of this chapter) were 
performed using an Agilent 4294A impedance analyzer over a frequency range 
of ca. 100 Hz – 5 MHz and a temperature range of approximately 20–340 K, 
with cooling/heating rates of 2 K·min−1 and applied ac excitation of 500 mV. 
The low temperatures were reached by employing a cryostat, while the 
pressure of 10-4 atm in the cryostat tube was obtained using a vacuum pump; 
the temperature was controlled to within ± 1 K by a temperature controller. 
Data were acquired using in-house software. 
For the high-temperature impedance spectroscopy studies, the 
electroded samples were mounted in an impedance alumina jig, similar to the 
one designed by Bruce and West [20]; the impedance jig was placed in a 
horizontal tube furnace controlled to ± 1 ºC. The temperature was increased 
step by step and when samples had reaching the desired temperature, they 
were left to equilibrate for approximately 15-20 minutes before taking the 
measurement. A Hewlett Packard 4192A LF impedance analyzer was used to 
collect data over a frequency range of ca. 5 Hz – 13 MHz, in the temperature 
range 20–900 K and under an applied ac voltage of 100 mV. Data analysis was 
carried out using commercial “ZView” software, version 2.9c [24]. Both 
complex plane plots and spectroscopic plots were utilised, as described 
previously. 
Where appropriate, specific details on measurements, data extraction 
and data modelling will be given in each results chapter.  
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Chapter 3 
 
Relaxor Properties of Ba6M3+Nb9O30 (M = Ga, Sc, In) 
 
 
3.1 Introduction to TTB dielectrics of interest in this study 
 
As introduced in Chapter 1, the tetragonal tungsten bronze (TTB) 
structure, (A1)2(A2)4(C)4(B1)2(B2)8O30, is closely related to the perovskite 
structure, however, the presence of crystallographically non-equivalent A- and 
B-sites and an extra C-site provide extra degrees of freedom for manipulation of 
the structure offering huge compositional flexibility [1]. The TTB structure 
consists of a network of corner sharing BO6 octahedra – Figure 3.1 inset, which 
form perovskite (A1) and pentagonal (A2) channels, which can be occupied by 
alkali, alkaline earth and rare earth cations. Smaller triangular (C) channels are 
also formed and whilst in many TTBs these sites are vacant, they can be filled 
(or just partially filled) by small low charged cations such as Li+ (e.g. 
K6Li4Nb10O30 [2]). 
The recent interest in TTB materials was directed to those containing 
ferroelectrically active ions and possessing high Curie temperatures (e.g. Ti4+ 
and Nb5+). Therefore, TTB niobates like Ba6Ti2Nb8O30 [3] and its doped 
analogues (with TC, ~500 K) were widely studied; by replacing Ba2+ on the A-
site with smaller cations such as Sr2+, the TC drops and the symmetry changes 
from tetragonal to orthorhombic [4] while by introducing Ca2+, it stabilises the 
orthorhombic distortion. Doping on the B-site with Ti4+ and cooperatively 
incorporating higher valence cations [5-8], resulted in relaxor-type character for 
the larger radius ones (i.e. La3+ and Bi3+) and in normal ferroelectric behaviour 
for the smaller ones (i.e. other trivalent rare earth cations) [5,6]. However, a 
recent study has suggested the possible cause of the ferroelectric behaviour to 
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be due to the difference in radius between the cations that independently 
populate the A1 and A2 sites [9]. 
Other studies reported on the incorporation into TTB niobates structure 
of non-ferroelectrical species such as Fe3+, Ni2+ and Mg2+ [10-13]. Recently, 
Maglione and co-workers [14,15] showed that the RE cation sizes have a 
considerable influence on the properties of Ba6FeNb9O30 system doped with Fe3+ 
on the B-site and cooperatively substituted with rare earths on the A-site.  
However, only little work has been carried out for revealing the B-site 
doping effects on the ferroelectric and dielectric properties. In the same 
Ba6Ti2Nb8O30 TTB system, replacing Ti4+ cations with larger ones like Sn4+, Zr4+ 
or Hf4+ has proved that TC decreases with increasing M4+ ionic radius [3,4]. For 
the other TTB system, Ba6M3+Nb9O30, with increasing the ionic radii of M3+ ions 
(M3+ = Ga3+, Fe3+, Sc3+, In3+, Y3+), the polar stability increases [16]; the transition 
temperature increases as a direct result of the increase in tetragonality (c/a), 
regardless of the valence of the metal ion in the B-site of the TTB framework 
[16]. Beside these incipient important observations, further understanding of 
the structure-properties relations in TTBs would be necessary for designing 
novel functional materials that may be used for cutting-edge applications.  
 In this chapter, the full structural and dielectric characterisation of 
Ba6M3+Nb9O30 (M3+ = Ga3+, Sc3+, In3+) TTB materials is discussed. All materials 
exhibit dielectric permittivity and loss curves typical of relaxor behaviour. 
Characteristic temperature parameters for each sample were extracted from 
both dielectric and crystallographic data as a function of temperature: Vogel-
Fulcher [17,18] fitting of the maximum in dielectric constant to determine the 
Vogel-Fulcher temperature, TVF; TUDR corresponding to absolute flattening of 
the dielectric loss peak in the frequency domain; and Tc/a corresponding to the 
maximum crystallographic tetragonal strain. These temperatures coincided for 
each composition investigated and furthermore increased with increasing strain 
induced by an increase in the M3+ cation size. These observations are consistent 
with slowing of dipoles on cooling and eventual “locking” of the B-cation 
displacements along the c-axis, i.e. dipole freezing.  
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Samples with the composition Ba6M3+Nb9O30 (where M3+ = Ga, Sc or In) 
were prepared as described in the experimental chapter (Chapter 2). Structural 
analysis was carried out using both PXRD and temperature dependent PND. 
Pellets for microstructural and electrical characterisation were prepared at 1300 
°C (for Ba6GaNb9O30) and at 1350 °C (for Ba6ScNb9O30 and Ba6InNb9O30), all 
having > 88% of relative density (ρr).  
 
3.2 Structural and electrical properties of the B-site substituted 
materials 
 
3.2.1 Structural results 
 
Room temperature powder neutron diffraction (PND) indicated that all 
three compounds (Ba6GaNb9O30, Ba6ScNb9O30 and Ba6InNb9O30) form the TTB 
phase with a small amount of minor perovskite related phase, Ba5Nb4O15. All 
three were refined in the space group P4/mbm (No. 127) using the Rietveld 
method [19], Figure 3.1 and the unit cell and goodness of fit parameters are 
presented in Table 3.1. A systematic increase in lattice parameters and unit cell 
volume was observed with increasing ionic radius of the M3+ cation on the B-
site (rGa3+ = 0.62 < rSc3+ = 0.745 < rIn3+ = 0.80 Å for 6-fold coordination [20]), in 
good agreement with the previous X-ray diffraction study [16]. The amount of 
second phase was determined from dual phase refinements and was found to 
be approximately 10 % in Ba6GaNb9O30 and 6 % in Ba6ScNb9O30. No secondary 
phases were observed in the neutron data collected for Ba6InNb9O30. Attempts 
to completely remove Ba5Nb4O15 secondary phase by varying synthetic 
conditions was unsuccessful, however, the properties of this phase are well 
known [21]; it is an insulator with a temperature independent dielectric 
constant of ca. 40 [21,22] and so has negligible contribution to the observed 
electrical properties of the three compositions studied. 
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Table 3.1 Unit cell dimensions and goodness of fit parameters for Ba6M3+Nb9O30 (M3+ = Ga3+, 
Sc3+, In3+) refined from PND data at 300 K in space group P4/mbm. 
Compound a (Å) c (Å) V (Å3) Rp (%) wRp (%) χ2 
Ba6GaNb9O30 12.5723(3) 3.98181(2) 629.384(4) 6.04 6.19 13.46 
Ba6ScNb9O30 12.63011(2) 4.00746(1) 639.268(3) 4.35 4.77 8.542 
Ba6InNb9O30 12.64713(2) 4.01688(1) 642.500(3) 4.31 4.81 7.248 
 
 
Figure 3.1 Rietveld refinements in centrosymmetric tetragonal space group P4/mbm  
of room temperature powder neutron data for  
Ba6GaNb9O30 (bottom), Ba6ScNb9O30 (middle) and Ba6InNb9O30 (top).   
(Inset - TTB structure with B1 and B2 octahedra shown in yellow and blue, respectively). 
 
Even if the M3+ radius is changing from 0.62 Å to 0.80 Å, the average B-
site radius is not changing dramatically (M:Nb ratio of 1:9), therefore the lattice 
parameters corresponding to the three investigated compounds are very close 
still (Table 3.1). 
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3.2.2 Microstructural analysis 
 
 In order to obtain pellets for the three investigated analogues of 
Ba6MNb9O30 (M=Ga, Sc, In), high temperatures were targeted. Since the In 
analogue melts at 1400 °C and the Ga analogue at 1350 °C, the chosen 
processing temperature was 1300 °C for Ba6GaNb9O30 pellets and 1350 °C for 
Ba6ScNb9O30 and Ba6InNb9O30 pellets. Pellets were placed in alumina boats 
inside a tube furnace and heated with 10 K·min-1 straight from room 
temperature to the above-mentioned temperatures. After sintering them for 6.5 
h at high temperatures, they were cooled down to 20 °C with the rate of 10 
K·min-1. PXRD of crushed pellets was carried out to confirm no crystallographic 
change; the results matched those of the initial powders in section 3.2.1 (Figure 
3.1 and Table 3.1), thus the pellets preserved the desired compositions. The 
relative densities of each pellet are above 88% and those that were used further 
in electrical measurements are characterized below; all pellets were very well 
sintered, with high relative densities which are presented in Table 3.2. 
 
 Table 3.2 Sintering temperatures of Ba6M3+Nb9O30 (M3+ = Ga3+, Sc3+, In3+)  
 compounds and relative densities of the pellets further used in electrical studies 
Compound Chosen sintering temp. (°C) Relative density (%) 
Ba6GaNb9O30 1300 94.55 
Ba6ScNb9O30 1350 88.65 
Ba6InNb9O30 1350 92.15 
 
The microstructure of the pellets was investigated by SEM. All pellets are 
white, with no evident colour gradient on the external or fractured surfaces. 
Characteristic micrographs of the ceramic microstrucures are given below. 
On the external surface of pellets, for all three analogues, similar features 
are present (Figure 3.2). The external microstructure is continuous and appears 
uniform; scratches on the surface are due to the polishing process (using SiC 
polishing paper) that was done in order to remove irregularities and prepare it 
for electrode deposition.  
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Figure 3.2 An example of SEM images for the external surfaces of a Ba6InNb9O30 pellet. 
 
SEM of Ba6GaNb9O30 pellet revealed a highly dense microstructure with 
well-bonded grains (as shown from the intragranular nature of the fracture), 
and with only a few isolated pores, Figures 3.3a, 3.3b and 3.3d.  
 
 
Figure 3.3 SEM images of the fracture surface of a Ba6GaNb9O30 pellet sintered at 1300 °C.  
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The high processing temperature (1300 °C), which is close to the melting 
temperature, means that the Ba6GaNb9O30 pellets sintered well (ρr = 94.55%, see 
Table 3.2) and this is consistent with the SEM images. The 
parallelepiped/columnar nature of the grains can be observed on the interior 
surfaces of isolated pores (left lower corner in Figure 3.3c); the grain size 
appears to be fairly uniform and of the order of 5-10 µm. 
 
The SEM images of Ba6ScNb9O30 pellet, Figure 3.4, revealed a poor 
microstructure by comparison, with poorly-bonded grains sizes ranging from 2 
to 10 µm and significant continuous porosity, again consistent with the lower 
relative density of 88%, Table 3.2.   
 
 
Figure 3.4 SEM images of the fracture surface of a Ba6ScNb9O30 pellet obtained at 1350 °C.  
 
The majority of grains are almost round in morphology and are bonded 
to each other with neck-like grain boundaries – Figures 3.4b and 3.4c. There are 
also apparently denser agglomerates formed of 4-5 bigger grains (of ~ 3 µm x 
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3.5 µm each) or of 10-20 smaller grains (of ~ 2 µm x 2.5 µm each) – Figures 3.4a 
and 3.4b. The area of these agglomerates vary from 20 x 25 µm2 to 30 x 35 µm2 
and are linked by some independent small grains with irregular shapes and 
dimensions – Figures 3.4b and 3.4c. These agglomerate, however do not account 
for a very significant volume fraction and the majority of the sample consists of 
the fairly small grains with poor continuity – Figure 3.4c. The low processing 
temperature of 1350 °C (compared to the melting temperature which is higher 
than 1400 °C) may be the cause for the poor microstructure. 
SEM images of Ba6InNb9O30 pellet reveal a dense microstructure, with big 
grains and no clusters – Figures 3.5a and 3.5b. Many grains have columnar 
aspect (of ~ 3 μm x 7 μm each), while others have a melt-like appearance; the 
grains are well bonded resulting in clearly defined grain boundaries.  
 
 
Figure 3.5 SEM images of the fracture surface of a Ba6InNb9O30 pellet obtained at 1350 °C. 
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There is some discrete porosity, Figures 3.3c and 3.3.d, but the majority of the 
sample consists of a continuous matrix of course grained material. These results 
confirm the high relative density (ρr = 92.15%, see Table 3.2) and most likely is a 
result of the high processing temperature (1350 °C), which is close to the 
melting temperature. 
In the series of these three compounds, the Ba6GaNb9O30 and Ba6InNb9O30 
pellets have sintered very well because they were subjected to temperatures 
close to their melting ones (50 °C less than 1350 °C and 1400 °C, respectively); 
therefore it has resulted in robust and dense materials. The microstructure of 
the Ba6ScNb9O30 pellet, which was sintered at 1350 °C, is not that good in 
comparison with that of the other two and this affects the electrical properties 
as discussed below. 
 
3.2.3 High-temperature impedance spectroscopy 
 
In order to describe the behaviour of different electroactive regions 
within our ceramics, high temperature impedance spectroscopy studies have 
been carried out. Each region has a characteristic response and in a first 
approximation can be modelled using an equivalent circuit consisting of 
parallel resistor-capacitor (RC) electrical elements that are connected in series.  
The microstructural results suggest that the pellets of our three analogue 
ceramics (Ba6GaNb9O30, Ba6ScNb9O30 and Ba6InNb9O30) might consist of bulk 
and grain boundary regions that would be represented by one RC element 
associated with the bulk (intragranular) response and the other one may be the 
grain boundary (or other thin layer effects). There are cases when other 
electroactive regions manifest in the electrical responses; they can be described 
as well by parallel RC elements placed in series with those used for the grain 
boundary and bulk regions. Such additional parasite regions usually are surface 
layers or non-ohmic pellet/electrode contacts [23].   
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RC elements were separated into independent R (resistance) and C 
(capacitance) values by using both impedance and electric modulus [24,25]. 
Each RC element gives rise to a semicircle in the complex impedance (Z*) plot 
and to another one in the complex electric modulus (M*) plot (for example, 
Figure 3.6d). As well, it gives rise to a Debye-like peak in the spectroscopic plot 
of the imaginary impedance (Z”) vs. frequency (i.e. Figure 3.6a) or in the 
spectroscopic plot of the imaginary electric modulus (M”) vs. frequency (i.e. 
Figure 3.6b) – representation, on a logarithmic scale of frequencies [23]. 
For almost perfect semicircles, reasonably accurate values of R and C 
may be obtained from the intercepts in the complex plane plots of Z* (Z” vs. Z’) 
or M* (M” vs. M’). However, for our samples (Figures 3.6d, 3.7d and 3.8d), there 
is present only one semicircle in each of the complex plots Z* or M*, and those 
semicircles are highly asymmetric; therefore, fittings are more difficult and 
time-consuming, while evaluations less accurate. The Z’’ and M’’ values in the 
Debye peak are described by equations 3.1 and 3.2: 
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where ω is the angular frequency (= 2πf, where f is the frequency in Hz) and ε0 
is the permittivity of free space (8.854×10-14 F·cm-1). 
Debye peaks in Z” spectra are dominated by RC elements with largest R 
values whereas the M” spectra are dominated by RC elements with smallest C 
values (typically the largest volume fraction and therefore the bulk response).   
The angular frequency (ωmax) at the maxima of Z* or M* semicircles, and 
correspondingly at the Debye peak maxima for each RC element is given by 
equation 3.3: 
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 11maxmax )(2 −− === τpiω RCf  (3.3) 
where fmax is the frequency at the peak maximum, the product R·C is the time 
constant, τ, of the corresponding RC element. The time constant and the 
frequency at the peak maximum are intrinsic characteristics of each the RC 
element (hey are independent of geometry) [23]. 
 For a Debye response (ideal), the magnitude of the imaginary data at the 
peak maxima (Z” and M”), where ω·R·C = ωmax·R·C = 1, are given by: 
 2/"max RZ =  (3.4) 
 )2/(" 0max CM ε=
 
(3.5) 
 
 By using these expressions (3.3-3.5), R and C values can be determined 
from Z”max and M”max, respectively. The electric response may be assigned 
therefore to: bulk region, grain boundary region or electrode surface, from the 
magnitude of the C values [24]. 
 As a first stage of data analysis, the number of electroactive regions were 
evaluated from the number of Debye-like peaks in the Z” and M” spectrum and 
which appear at distinct relaxation frequencies. Since at room temperature the 
peaks are not present in the measuring frequency range (roughly, 10-107 Hz), 
measurements at higher temperatures have been carried out. However, up to 
considerable high temperatures in the M” plot (365 °C for Ba6GaNb9O30, 485 °C 
for Ba6ScNb9O30, 465 °C for Ba6InNb9O30) only a tail is observed instead of the 
entire peak (with fmax < 10 Hz) or at least the peak maximum. In the Z” plot also, 
up to the same high temperatures as in the M” plot – and even higher for 
Ba6GaNb9O30 (505 °C), only a tail is observed instead of the entire peak (with fmax 
< 10 Hz) or at least the peak maximum. 
 Starting with the temperatures indicated above, isothermal impedance 
spectroscopy measurements have been systematically carried out at every 20 
degrees, up to 590 °C. In these temperature ranges, the entire peak maximum is 
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observed allowing estimation of R and C values using the methodology 
described above. 
 For the Ba6GaNb9O30 analogue, high-temperature impedance 
spectroscopy data are presented in Figure 3.6. The impedance appears to show 
two poorly resolved (overlapping) responses as indicated by the asymmetric 
peak in the Z” vs. freq. plot (Figure 3.6a) and the broad asymmetric semicircle in 
the complex (Z*) Z” vs. Z’ plane plot (at 761 K and at 802 K, for example). 
Moreover, at lower temperatures (at 720 K for example), the curve of Z* 
complex plot is not only asymmetric, but clearly shows two independent 
responses (Figure 3.6d, upper graphic). By contrast, the presented electric 
modulus, which is more sensitive to the bulk, exhibits a single response (narrow 
and almost ideal response) in the Debye peak (M” vs. freq. plot, Figure 3.6b). 
The complex plot M* contains a single semicircle, but with a degree of 
asymmetry, particularly at low frequency (Figure 3.6d, lower graphic).  The 
higher frequency response which dominates the modulus spectra was 
attributed to the bulk response and the lower frequency one which dominates 
the impedance was assigned to the grain boundary. In Figure 3.6c it can be 
easily observed that the grain boundary and bulk time constants are separated 
by less than 3 orders of magnitude of frequency and are therefore hard to 
resolve; however as they dominate the impedance and modulus, respectively, it 
should be possibly to distinguish their character to some degree. 
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a) b) 
 
 
c) d) 
Figure 3.6 Selective high-temperature impedance spectroscopy data for Ba6GaNb9O30: 
spectroscopic plot of Z” (a), M” (b) and combined Z” and M” plot at 802 K (c); 
complex impedance (Z*) and modulus (M*) plots (d). 
 
High-temperature impedance spectroscopy data for the Ba6ScNb9O30 
analogue are presented in Figure 3.7. Again the impedance data appears to 
show two responses as indicated by the asymmetric peak in Z” vs. freq. plot 
(Figure 3.7a) and the asymmetric semicircle in the complex (Z*) Z” vs. Z’ 
graphic (asymmetry at low frequencies in all experiments carried out at 
different temperatures).  
Chapter 3 – Relaxor Properties of Ba6M3+Nb9O30 (M = Ga, Sc, In) 
 - 97 -
 
a) b) 
 
c) d) 
Figure 3.7 Selective high-temperature impedance spectroscopy data for Ba6ScNb9O30: 
spectroscopic plot of Z” (a), M” (b) and combined Z” and M” plot at 824 K (c);  
complex impedance (Z*) and modulus (M*) plots (d). 
 
The electric modulus, which is more sensitive to the bulk, exhibits a 
single, narrow and almost ideal response in the Debye peak (M” vs. freq. plot, 
Figure 3.7b), but only at high temperatures; at lower temperatures (783 K or 803 
K), it is not a perfect Debye peak, with more asymmetry than for the other two 
compounds with Ga or In. The complex plot M* contains a single semicircle, 
which was again assigned to the bulk response, but with a degree of 
asymmetry, particularly at high frequencies (Figure 3.7d, lower graphic). In 
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Figure 3.7c it can be easily observed that the “grain boundary” and bulk 
responses have similar time constants, resulting in overlapping peaks in the 
frequency domain. The similarity of the time constants results from the poor 
microstructure of the Ba6ScNb9O30 pellet as described in section 3.2.2 and Figure 
3.4. The poorly defined and neck-like nature of the grain boundaries results in a 
much more “bulk-like” response for these regions [26]. An in-depth analysis of 
the influence of microstructure and thermal processing of Ba6ScNb9O30 ceramics 
on the electrical properties is described in Chapter 5. 
Selected impedance data for Ba6InNb9O30 are presented in Figure 3.8 and 
contains similar features to the other samples. The impedance appears to show 
two responses as indicated by the asymmetric peak in Z” vs. freq. plot (Figure 
3.8a) and the broad asymmetric semicircle in the complex (Z*) Z” vs. Z’ graphic 
(at low frequencies). By contrast, the presented electric modulus, which 
dominated by the bulk, exhibits a single response (narrow and almost ideal 
response) in the Debye peak (M” vs. freq. plot, Figure 3.8b). The complex plot 
M* contains a single semicircle, but with only a low degree of asymmetry, 
particularly at very high frequencies (Figure 3.8d, lower graphic). In Figure 3.8c 
it can be easily observed that the frequency range grain boundary and bulk 
responses again overlap again making absolute deconvolution of their 
associated R and C values difficult.   
For each sample the bulk capacitance, Cb, and “grain boundary” 
resistance, Rgb, were approximated from the magnitude of M”max and Z”max, 
using equations (3.4) and (3.5), respectively; the corresponding bulk resistance, 
Rb, was determined from expression (3.3). For all three analogues, the 
capacitance of the bulk (Cb) decreases systematically with increasing 
temperature, while the resistance of the bulk (Rb) also decreases. All Cb values 
are in the range 3.3-1.5×10-11 F·cm-1, characteristic of bulk values [24]. At 843-844 
K, Cb increases from 1.556×10-11 F·cm-1 for the Ga analogue, to 2.067×10-11 F·cm-1 
for the Sc analogue, and respectively to 2.62×10-11 F·cm-1 for the In analogue. 
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For the “grain boundary” capacitances (Cgb), the values are only slightly higher 
than for the bulk ones, largely due to mixing with the bulk response. The Sc 
analogue in particular has a lower than expected grain boundary capacitance 
(Cgb=2.602×10-11 F·cm-1 at 843 K) with practically the same value as the bulk. 
This is consistent with the more bulk-like nature of the necks between the 
grains as determined by SEM, Figure 3.4. Based on the capacitance values and 
similarities of time constant (τ) of the bulk and “grain boundary” responses it is 
not clear that the data determines a “grain boundary” response in the true 
sense. 
 
  
a) b) 
  
c) d) 
Figure 3.8 Selective high-temperature impedance spectroscopy data for Ba6InNb9O30: 
spectroscopic plot of Z” (a), M” (b) and combined Z” and M” plot at 843 K (c); 
complex impedance (Z*) and modulus (M*) plots (d). 
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The high-temperature impedance spectroscopy data have revealed 
broadly similar behaviour of the three compounds; they are electrical insulators, 
with only moderate levels of conductivity at temperatures >350 °C.  
It was possible to evaluate the electrical conductivity, σ, of both bulk (σb) 
and “grain boundary” (σgb) responses at temperatures above 640 K (for the bulk, 
from M” vs. freq. data) or 780 K (for the grain boundary, from Z” vs. freq. data) 
for Ba6GaNb9O30, and above 740 K for Ba6ScNb9O30 and Ba6InNb9O30. 
The electrical conductivity data, σ (where σ=1/R), of both bulk and grain 
boundary components for all three analogues of Ba6MNb9O30, followed the 
Arrhenius-type behaviour (Figures 3.9 and 3.10) as described by equation 3.6: 
 
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where σ0 is the pre-exponential factor, Ea is the activation energy of the electrical 
conduction process, k is the Boltzmann constant (1.38×10-23 J·K-1 or 8.617×10-5 
eV·K-1) and T is the absolute temperature.  
Bulk electrical conductivity, σb, evaluated from the M”max vs. freq. data 
contains a systematic error as first a perfect Debye response is assumed in order 
to calculate Cb using (equation 3.5). This approximation is further transformed 
into Rb (from eq. 3.3, and is equal to 1/(2̟fmaxCb)), and only used to calculate σb. 
The straight lines of logσ vs. (1/T) for the bulk electrical conduction in 
Ba6GaNb9O30, Ba6ScNb9O30 and Ba6InNb9O30 are not parallel (Figure 3.9); the 
slopes give different activation energies, but without following a systematic 
evolution when changing the M3+ atom in Ba6MNb9O30 formula (Table 3.3).  
In the case of the “grain boundary” electrical conductivity, σgb, evaluated 
from the Z”max vs. freq. data, there is again a simplification of assuming a Debye 
response in order to calculate Rb, (equation 3.4). The straight lines of logσ vs. 
(1/T) for Ba6GaNb9O30, Ba6InNb9O30 are fairly parallel, while the Ba6ScNb9O30 
one is not (Figure 3.10). The activation energies for the grain boundary electrical 
conduction processes, when using the electrical conduction data, are presented 
in Table 3.3. The slopes give close activation energies for the Ga and In 
analogues (0.70 eV, respectively 0.82 eV), while for the Sc analogue the value is 
larger: 1.127 eV. If relating to the microstructural results (section 3.2.2), only for 
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the Sc analogue the grains arrangement would have predicted such influence 
(Figure 3.4), while for the Ga and In analogues, the influence of the bulk is 
present and consists in mixing with the “grain boundary” response and 
therefore lowering the activation energies.  
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Figure 3.9 Arrhenius plot of the bulk electrical conductivity data  
(from M”max vs. freq.) for Ba6GaNb9O30, Ba6ScNb9O30 and Ba6InNb9O30 analogues. 
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Figure 3.10 Arrhenius plot of the grain boundary electrical conductivity data  
(from Z”max vs. freq.) for Ba6GaNb9O30, Ba6ScNb9O30 and Ba6InNb9O30 analogues. 
 
Novel Polar Dielectrics with the Tetragonal Tungsten Bronze Structure 
 - 102 -
However, in both cases, from the activation energy values it is evident 
that for the Ba6GaNb9O30 and Ba6InNb9O30 pellets, the conduction mechanisms 
are dominated by the bulk response, while for Ba6ScNb9O30 pellet the “grain 
boundary” effects have significant influence. 
Much simpler and direct evaluation may be however performed; the 
time constants, τ, are directly measured (actually the frequency at the M” and 
Z” peak maxima, fmax, and τ equals 2̟fmax) and are more accurate, requiring no 
additional approximations. It was possible to measure the time constant (τ) of 
both bulk (τb) and “grain boundary” (τgb) components, at temperatures >640 K 
(for the bulk, from M” vs. freq. data) or 780 K (for the grain boundary, from Z” 
vs. freq. data) for Ba6GaNb9O30, and above 740 K for Sc and In analogues. 
The time constant data, τ (where τ = 2̟fmax), of both bulk and grain 
boundary components for all three insulating analogues of Ba6MNb9O30, follow 
the Arrhenius-type behaviour also (Figure 3.11), as described by equation 3.7: 
 




−
⋅=
kT
Ea
e0ττ  
(3.7) 
where τ0 is the pre-exponential factor, Ea is the activation energy of the electrical 
conduction process, k is the Boltzmann constant (1.38×10-23 J·K-1 or 8.617×10-5 
eV·K-1) and T is the absolute temperature. 
The straight lines logτ vs. (1/T) for the grain boundary component of all 
three analogue compounds are parallel (Figure 3.11) – blue fitting straight lines. 
The slopes give very close activation energies for all three analogues of 
Ba6ScNb9O30, ~ 1.25 eV (Table 3.3). For Ba6ScNb9O30 and Ba6InNb9O30, the Z” 
Debye-like curves (Figures 3.7a and 3.8a) do not only evolve in the same 
manner (characterized by the same activation energies), but they have identical 
time constants for each investigated temperature (overlapping straight lines and 
same intercept (τ0), the pre-exponential factor). Thus, for all three compounds 
the conduction mechanism of the “grain boundaries” appears to be quite 
similar.  
The fact that the time constant for bulk and “grain boundary” in all three 
samples is less than an order of magnitude (much less in the case of the Sc and 
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In analogues) and have a similar magnitude of associated capacitance may 
strongly suggest that they represent the same relaxation process or distribution 
of relaxation processes. 
The resulting activation energies corresponding to the bulk are lower 
than those of “grain boundaries” (Table 3.3); for the Sc analogue, however, the 
bulk activation energy is much higher and more similar to the “grain 
boundary” one. This is because of the “grain boundary” influence in this 
particular case, which is mixed with/or also represents the bulk. 
The straight lines of logτ vs. (1/T) for Ba6GaNb9O30, Ba6InNb9O30 are 
fairly parallel, while the Ba6ScNb9O30 one is not (Figure 3.11) – green fitting 
straight lines. The slopes give close activation energies for the Ga and In 
analogues (0.91 eV, respectively 0.80 eV), while for the Sc analogue the value is 
larger: 1.23 eV and as described in the precedent paragraph, it is the same as for 
the “grain boundary one”.  
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Figure 3.11 Arrhenius plots of the bulk and grain boundary time constant data  
(from M”max vs. freq. and respectively from Z”max vs. freq.)  
for Ba6GaNb9O30, Ba6ScNb9O30 and Ba6InNb9O30 analogues. 
 
If comparing the results obtained by using the electrical conductivity (σ) 
data to those obtained by using the time constant (τ) data, it becomes evident 
that the last ones are more reliable. This is because the time constant is a 
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measured quantity, while the electrical conductivity is a quantity that requires 
assumptions and some mathematical calculations when processing the 
experimental data. 
 
Table 3.3 Activation energies for the bulk and “grain boundary” of Ba6M3+Nb9O30 electrical 
conduction processes; data extracted from the electrical conductivity, σ, and time constant, τ. 
Compound 
σbulk 
(M’’ vs. f data) 
“σgrain boundary” 
(Z’’ vs. f data) 
τbulk 
(M’’ vs. f data) 
“τgrain boundary” 
(Z’’ vs. f data) 
Ba6GaNb9O30 
Ea=0.854±0.012 Ea=0.700±0.066 Ea=0.912±0.013 Ea=1.253±0.017 
r=0.99907 r=0.99104 r=0.99900 r=0.99980 
Ba6ScNb9O30 
Ea=1.114±0.083 Ea=1.127±0.031 Ea=1.233±0.065 Ea=1.262±0.028 
r=0.99272 r=0.99810 r=0.99440 r=0.99877 
Ba6InNb9O30 
Ea=0.676±0.036 Ea=0.820±0.047 Ea=0.803±0.036 Ea=1.238±0.059 
r=0.99287 r=0.99181 r=0.99498 r=0.99435 
 where “r” is the correlation coefficient. 
 
Generally, the “grain boundary” activation energy (in average) of the 
electrical conduction process (Ēa = 1.25 eV) is higher with 0.40 eV than the bulk 
activation energy (in average) of the electrical conduction process (Ēa = 0.85 eV). 
The conduction mechanisms are dominated by the bulk response, the samples 
being all insulators; the higher values for the bulk activation energies for Sc 
analogue may be due to the different electronic shell environment: Sc3+ is a d0 
cation, while Ga3+ and In3+ are d10 cations. 
 
3.2.4 Dielectric analysis of the low-temperature data 
 
Dielectric spectroscopy data in the range 50 to 350 K showed that all 
three compounds exhibit characteristic relaxor behaviour with a strong 
frequency dependence of peaks in both dielectric constant and dielectric loss as 
a function of temperature (Figures 3.12, 3.13 and 3.14). For the same frequency, 
the dielectric curves were displaced to higher temperatures with increasing 
average B-site ionic radii, as observed previously [16]. The experimental 
measuring setup was programmed to acquire data very fast for each frequency 
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at a certain temperature, while the samples were subjected to a controlled linear 
non-isothermal regime, in order to further characterise the relaxor behaviour 
with higher temperature and frequency resolution.  
Dielectric data for the Sc-analogue, Ba6ScNb9O30, are shown in Figure 
3.12. The dielectric permittivity (Figure 3.12a) is decreasing with increasing 
frequency and its corresponding maxima shifts towards higher temperatures 
(Tm). The dielectric loss is also frequency-dependent, but the curves are 
somehow positioned differently if compared with the dielectric permittivity 
ones; for the same frequency, the temperature of the dielectric loss maximum, 
Tm, has a different value than the dielectric permittivity one, following as 
expected other trends. The dielectric loss maximum shifts towards higher 
temperatures with increasing frequency (Figure 3.12b). At high temperatures, 
and most commonly above Tm, the dielectric loss increases with increasing 
frequency; at the lowest temperatures the dielectric loss decreases with 
increasing frequency.  
Dielectric data for the Ga and In analogues are shown in Figures 3.13 and 
3.14. They respect the same trends as the Ba6ScNb9O30 analogue, but with the 
curves shifted to lower (Ba6GaNb9O30 – Figure 3.13), and higher (Ba6InNb9O30 – 
3.14) temperatures for the same corresponding frequencies. In Figure 3.15 the 
dielectric permittivity (Figure 3.15a) and dielectric loss (Figure 3.15b) of the 
three investigated compounds are plotted for comparative purposes at the same 
frequency, namely f = 100 kHz. The higher values of dielectric permittivity for 
Ba6InNb9O30 and Ba6GaNb9O30, but especially for In analogue, confirm indeed 
the better microstructure compared to the Sc analogue. 
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Figure 3.12 Dielectric constant (a) and loss (b) as a function of  
frequency and temperature for Ba6ScNb9O30. 
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Figure 3.13 Dielectric constant (a) and loss (b) as a function of  
frequency and temperature for Ba6GaNb9O30. 
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Figure 3.14 Dielectric constant (a) and loss (b) as a function of  
frequency and temperature for Ba6InNb9O30. 
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Figure 3.15 Dielectric constant (a) and loss (b) corresponding to the three investigated 
compounds, as a function of temperature for the frequency of f = 100 kHz. 
 
3.3 Analysing and modelling the dielectric response of B-site 
substituted materials 
 
3.3.1 Vogel-Fulcher analysis  
 
 The most commonly used method to evaluate the frequency response of 
the real part of dielectric permittivity in relaxors is the Vogel-Fulcher expression 
[17,18] which was first adopted by Viehland et al. [27] in the study of the 
archetypal relaxor ferroelectric, PbMg1/3Nb2/3O3 with 10 at % lead titanate 
(PMN-10PT), although there is some debate as to the validity of this approach, 
primarily due to problems with the goodness of fit and/or physically 
unreasonable fitted parameters, and this will be discussed in more detail in 
section 3.4 below. The Vogel-Fulcher (VF) model essentially describes a 
temperature dependence of a spectrum of relaxation times and so probes the 
dynamics and population profile of the dipolar response as a function of 
temperature. The VF equation (3.8) is simply a modified Arrhenius expression, 
which includes an increasing degree of interaction between random local 
relaxation processes, in this case of the dipolar response: 
 ( )VFm
a
TTk
E
0 eff −
−
⋅=  
(3.8) 
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where f is the frequency of the perturbation (applied ac field frequency, Hz); f0 is 
the fundamental attempt or limiting response frequency of the dipoles (Hz); Ea 
is the activation energy of local polarization (J); Tm is the temperature (K) of 
maximum dielectric constant at frequency f; TVF is the characteristic Vogel-
Fulcher temperature (often described as the static dipole freezing temperature 
(K) [27]); and k is Boltzmann constant (1.38×10-23 J·K-1 or 8.617×10-5 eV·K-1). 
 Free-fits of Tm data obtained from dielectric constant curves (i.e. from 
Figs. 3.12a, 3.13a and 3.14a) to the logarithmic VF expression (eq. 3.8) are shown 
in Figures 3.16a-3.16c for all three compositions. In each case, the extracted 
parameters are all physically sensible, as shown in Table 3.4: the fundamental 
frequency, f0, is of the order of 1012 Hz (0.67, 0.09 and 0.40 THz for Ga, Sc and In 
analogues, respectively); also, both activation energy, Ea, and Vogel-Fulcher 
temperature, TVF, systematically increase with increasing B-cation size, in 
agreement with the less quantitative observation that the dielectric curves are 
displaced to higher temperature with increasing cation size. 
 Fits of lnf vs. 1/(Tm-TVF) were performed by using the Plot software, 
version 0.997 (http://plot.micw.eu), until the RMSD and χ2 were stabilized and the 
VF parameters became invariant. 
 
Table 3.4 Vogel-Fulcher and goodness of fit parameters for Ba6M3+Nb9O30 (M3+ = Ga3+, Sc3+, 
In3+), determined from data fitting in Figures 3.16a-3.16.c 
Compound TVF (K) f0 (Hz) Ea (eV) R.M.S.D.† χ2 
Ba6GaNb9O30 56.3 6.70 × 1011 0.0768 0.0598 0.0608 
Ba6ScNb9O30 152.9 9.10 × 1010 0.1052 0.1158 0.2549 
Ba6InNb9O30 158.3 4.05 × 1011 0.1977 0.0532 0.0455 
† Root mean standard deviation. 
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Figure 3.16 Vogel-Fulcher free-fits of Tm(f) extracted from dielectric constant data for  
Ba6GaNb9O30 (a), Ba6ScNb9O30 (b), and Ba6InNb9O30 (c). 
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3.3.2 Fitting of the dielectric loss  
 
 Vogel-Fulcher analysis often results in unreliable and unphysical values 
for the fitting parameters [9,28-30] primarily due to the sensitivity of fitting to 
the curvature of Tm(f) data (usually obtained over a limited frequency range, e.g. 
10-106 Hz) and the subsequent extrapolation which is often over several orders 
of magnitude; our experience has also found that sample quality is also of 
critical, particularly for polycrystalline ceramics where microstructural factors 
such as grain size and sample density can have a dramatic affect on the values 
of Tm (this will be discussed in the subsequent chapters). In order to verify the 
parameters obtained by VF fitting of the real part of dielectric permittivity the 
imaginary component (dielectric loss, ε″) was also analysed. The dielectric data 
from Figures 3.12a and 3.12b are plotted in the frequency domain in Figures 
3.17a and 3.17b, and as a complex plane, the Cole-Cole plot [31], in Figure 3.18. 
The data are consistent with that observed in other relaxors, including 
relaxor ferroelectrics [32-35]. The theory of relaxors predicts that at the static 
freezing temperature the dielectric loss peak associated with the dipolar 
response should become infinitely broad (flat) in the frequency domain.   
 
Figure 3.17 Real (a) and imaginary (b) components of dielectric permittivity for  
Ba6ScNb9O30, as a function of frequency at various temperatures.  
The data symbols are corresponding to those in Figure 3.18. 
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Figure 3.18 Cole-Cole plot for the dielectric loss vs. dielectric constant of  
Ba6ScNb9O30, for several temperatures.  
 
The most simple model to analyse dielectric relaxation is the simple 
Debye response which contains a single relaxation time; this model however 
results in a symmetric loss peak with a unity relationship with frequency, ε″ ∝ 
fn, where n = -1 or +1 below or above the relaxation frequency, fp, respectively. 
In reality, systems show more dispersive behaviour and a Gaussian distribution 
of relaxation times (DRT) or Cole-Cole expression [31] is often introduced to fit 
broadened dielectric loss peaks, however these remained symmetric about the 
peak relaxation frequency. The dielectric loss data as a function of frequency, 
Figure 3.17b, and Cole-Cole plots, Figure 3.18, indicate a high degree of 
asymmetry – so these analytical methods are not suitable. There are a number 
of models to allow for asymmetric loss peaks such as the Cole-Davidson [36] or 
Havriliak-Negami [37] expressions, however for simplicity we have used the 
empirical two exponent model of Jonscher’s universal dielectric response (UDR) 
[38] in order to fit this ε″(f) data. This approach describes the frequency 
dependence of dielectric loss by the expression: 
 ( ) ( ) npmp ffff −− +∝ 1//
1
"ε  (3.9) 
where f is the AC field frequency (=ω/2pi); fp is the relaxation (peak) frequency; 
and -m and (1-n) are the frequency exponents of ε″(f) below and above fp, 
respectively, with the conditions 0 ≤ m and n ≤ 1.   
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This empirical model allows a Debye response for m = 1, n = 0, and a 
DRT (Cole-Cole) response for (m = (1-n)) < 1.  
In Figure 3.19, the experimental dielectric loss data for Ba6ScNb9O30 and 
generally for all TTB relaxors investigated here are compared to the most 
common models (Debye, DRT and UDR) that are usually used to fit and 
describe relaxor behaviour. 
 
 
Figure 3.19 Traditional Debye (red curve) and DRT (violet curve) models in  
symmetric loss peaks. Experimental data for Ba6ScNb9O30 sample (black curves)  
exhibiting UDR type behaviour (blue curve). 
 
Furthermore, Jonscher’s model [38] also predicts that the temperature 
dependence of the frequency of maximum dielectric loss, fp, (or dielectric 
relaxation frequency which is related to the relaxation time, τ = ωp-1 = (2pifp)-1 
where ωp is the angular frequency of the peak maxima) can be described by the 
Arrhenius expression: 
 kT
E
0p
a
eff −⋅=  (3.10) 
where f0 is limiting dipole response frequency and Ea is the activation energy. 
Thus, by fitting dielectric loss data to equations (3.9) and (3.10), it is possible to 
determine some characteristic temperature, TUDR, corresponding to slowing of 
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the longest mean relaxation time by extrapolation to zero of the slope gradient, 
m (ε″ ∝ f -m for f < fp), and f0 and Ea from the temperature dependence of fp, 
respectively. 
This independent treatment of both parts of the complex dielectric 
permittivity data give characteristic temperature (TVF or TUDR), limiting 
frequency, f0, and activation energy, Ea, parameters; these are summarised in 
Tables 3.4 and 3.5. 
 Fits to the UDR model of dielectric loss data at selected temperatures for 
Ba6ScNb9O30 are shown in Figure 3.20a. The temperature dependence of the 
gradient, m, on the low frequency side (left side) of the ε″(f) peaks is shown in 
Figure 3.20b and indicates a steady decrease in m with decreasing temperature. 
The absolute flattening of the dielectric loss peak (i.e. m → 0) is predicted to 
occur at the “dipole freezing temperature” [39,40]; extrapolation of the m data 
to 0 (Figure 3.20b) gives TUDR  ≈ 150 K, in comparison to TVF of 153 K as 
determined from VF free-fitting of dielectric constant data.  
 Arrhenius fitting of the temperature dependence of the peak frequency, 
fp, is shown in Figure 3.21 for the Ba6ScNb9O30 sample as an example, and gives 
values of 7.3 × 1011 Hz and 0.2202 eV for f0 and Ea, respectively. The results of 
the Arrhenius fitting for all three compounds are presented in Table 3.5 
alongside with the TUDR values determined by applying Jonscher’s model. The 
activation energy increases from 0.0280 eV for the Ga analogue to 0.5410 eV for 
the In analogue (Table 3.5); as well, the limiting frequency increases from 3×1011 
to 4.9×1015 Hz (Table 3.5). In the same manner, the TUDR for the three 
investigated samples is increasing with increasing the B-site cation radius (Ga3+ 
→ In3+). 
The activation energy determined by Arrhenius fitting of the peak 
frequency, fp, dependence to the temperature in the dielectric loss data by 
employing equation 3.10, led to values of about two times higher than those 
determined by Vogel-Fulcher fitting. Still, these results are in agreement with 
the less quantitative observation that the dielectric loss curves are displaced to 
higher temperature with increasing cation size.   
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Table 3.5 TUDR and Arrhenius parameters for the dielectric loss data of Ba6M3+Nb9O30  
(M3+ = Ga3+, Sc3+, In3+), determined for example from fittings in Figures 3.20a and 3.21 
Compound  TUDR (K) f0 (Hz) Ea (eV) r 
Ba6GaNb9O30 58 ± 1.5 3.0 × 108 0.0280 ± 0.0012 0.99268 
Ba6ScNb9O30 150 ± 2.5 7.3 × 1011 0.2202 ± 0.0052 0.99244 
Ba6InNb9O30 183 ± 3.5 4.9 × 1015 0.5410 ± 0.0020 0.99473 
  where “r” is the correlation coefficient 
 
  
Figure 3.20 Dielectric data for Ba6ScNb9O30:  (a) Dielectric loss peaks fitted to Jonscher’s two 
exponent model; (b) Gradient, m, evolution for ε″(f) at f < fp. 
  
The values for the limiting frequencies, f0, determined by Arrhenius 
fitting of the peak frequencies, fp, dependence to the temperature in the 
dielectric loss data (Figure 3.21), are different for all investigated compounds (of 
magnitude orders ranging from: 108 Hz for Ba6GaNb9O30, to 1011 Hz for 
Ba6ScNb9O30 and finally to 1015 Hz for Ba6InNb9O30) and also different if 
compared to the values obtained by applying the Vogel-Fulcher model, which 
are fairly constant and in the range of 1011 Hz order of magnitude. The 
magnitudes of f0 obtained from Arrhenius plots for the Ga and In samples are 
not physically reasonable and this is discussed below. 
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Figure 3.21 Arrhenius plot for temperature dependence of  
       the dielectric loss peak fp for Ba6ScNb9O30. 
 
The use of Arrhenius equation has led to a systematic increase of the 
limiting frequency with increasing the corresponding activation energy (see 
values in Table 3.5) when going from Ga analogue to In analogue. If plotting the 
natural logarithm of the limiting frequency against activation energy for all 
three compounds (lnf0 vs. Ea), a straight line is obtained (Figure 3.22); thus a 
compensation effect applies. The compensation effect mathematically results 
from the exponential form of the Arrhenius expression (eq. 3.10), when a 
change in activation energy is automatically compensated by a change in the 
logarithm of the pre-exponential factor [41]; the compensation effect is a direct 
consequence of the Arrhenius equation and thus not all observed 
compensations require by default a physicochemical explanation [42]. 
Therefore, the unrealistic order of magnitude of 1015 Hz (lnf0 > 35) for the 
limiting frequency in the In analogue case indicates that generally the values 
obtained by using Arrhenius equation may have a higher degree of 
unreliability. 
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Figure 3.22 Compensation effect of the dielectric loss data in the 
Ba6M3+Nb9O30 (M3+ = Ga3+, Sc3+, In3+) series; data modelled by Arrhenius equation. 
 
 From the gradient of the ε″(f) logarithmic curves (similar to those of 
Ba6ScNb9O30 in Figure 3.20a) it was possible to determine m over a wide 
temperature range for the other two samples: Ba6GaNb9O30 and Ba6InNb9O30. 
Both samples showed similar behaviour to the Sc compound, with m decreasing 
with decreasing temperature – Figure 3.23. 
 
 
 
Figure 3.23 Comparison of m evolution for Ba6GaNb9O30, Ba6ScNb9O30 and Ba6InNb9O30. 
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Extrapolation of m(T) curves to m = 0, gave TUDR = 58 and 183 K, for 
Ba6GaNb9O30 and Ba6InNb9O30, respectively, compared to TVF values of 56 and 
158 K from VF free-fitting (Figures 3.16a and 3.16c). It should be noted there is 
some uncertainty in the value of TUDR for the In-analogue; this is discussed in 
section 3.4, together with the rationalisation of application of both Vogel-
Fulcher and Arrhenius behaviour. 
 
3.3.3 Temperature dependence of the crystal structure 
 
Variable temperature PND in the range 450 to 8 K was used to 
investigate any changes in crystal structure. While some relaxor ferroelectrics 
such as PZN exhibit a macroscopic symmetry change [43] others such as PMN 
display only local, randomly aligned (under zero field conditions) distortions 
associated with local non-centrosymmetric polar nano-regions which result in 
diffuse scattering around the Bragg peaks [44,45]. There was no evidence of any 
long range symmetry lowering at any temperature in any of the three TTB 
samples studied here; all data were therefore refined in the tetragonal, 
centrosymmetric space group P4/mbm. The evolution of individual lattice 
parameters is shown in Figure 3.24 for Ba6GaNb9O30, in Figure 3.25 for 
Ba6ScNb9O30 and in Figure 3.26 for Ba6InNb9O30.  
Refinement of site occupancies of M3+ and Nb5+ suggested a completely 
disordered system and this was supported by a significantly poorer fit to 
models where M3+ cations were constrained to either B1 or B2 sites. In all cases, 
the materials exhibit a linear contraction in the ab plane with linear coefficients, 
α, typical of oxides (α = 7.92, 8.15 and 8.42 × 10-6 K-1 for Ga, Sc and In analogues, 
respectively), down to ca. 100 K below which the contraction slows. As 
expected, from the relative magnitude of the longer a and b axes compared to 
the c axis (ca. 12.6 Å vs. 4 Å), this behaviour dominates the volume behaviour 
(Figures 3.24b, 3.25b and 3.26b). The c-axis data however, exhibit a dramatic 
deviation from the expected linear behaviour (Figures 3.24a-3.263a); in each 
case the rate of contraction is much lower from room temperature to around 
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150, 200 and 250 K for Ga, Sc and In analogues, before dramatically increasing, 
as indicated by the strong inflexion in the data.  
 
 
Figure 3.24 Lattice parameters (a) and unit cell volume (b) as a function of temperature  
for Ba6GaNb9O30 from PND data. 
 
  
Figure 3.25 Lattice parameters (a) and unit cell volume (b) as a function of temperature  
for Ba6ScNb9O30 from PND data. 
 
  
Figure 3.26 Lattice parameters (a) and unit cell volume (b) as a function of temperature  
for Ba6InNb9O30 from PND data. 
Chapter 3 – Relaxor Properties of Ba6M3+Nb9O30 (M = Ga, Sc, In) 
 - 119 -
 
In the approximately linear region, below the inflexion, α = 5.94, 5.75 and 
6.18 × 10-6 K-1 for Ga, Sc and In analogues, respectively. 
This highly anisotropic contraction is a clear indication of some subtle 
structural change. It is important to note that this behaviour simply reflects the 
average change in shape and size of the (tetragonal) unit cell and in no way 
reflects the local position of the atoms.  
In a previous study [16], there was noted that the degree of anisotropy 
and therefore strain (quantified by the tetragonality, i.e. ratio of c/a) showed an 
approximately linear relationship with Tm or TC for B-site substituted relaxor or 
ferroelectric TTBs. The crystallographic data in Figures 3.24a-3.26a were re-
plotted as tetragonality (c/a) – Figure 3.27. All samples undergo a point of 
maximum tetragonality (maximum anisotropy) as a function of temperature; in 
each case, this characteristic temperature, Tc/a, correlates with the temperatures, 
TVF and TUDR, as determined from electrical analysis.  
A summary of the three extracted temperature parameters, TVF, TUDR and 
Tc/a, obtained from the three methods, is presented in Table 3.6. 
 
Table 3.6 Temperature parameters determined by fitting dielectric data to Vogel-Fulcher (TVF) 
and universal dielectric response (TUDR) models, and from the maximum tetragonality (Tc/a) of 
the crystallographic data. 
Compound Tc/a (K) TVF (K) TUDR (K) 
Ba6GaNb9O30 75 ± 15 56.3 58 ± 1.5 
Ba6ScNb9O30 145 152.9 150 ± 2.5 
Ba6InNb9O30 158 158.3 183 ± 3.5 
 
Due to high sensitivity of experimental measurements at low 
temperatures, and because of the flattening of tetragonality peak in the same 
region (see Figure 3.27a), the value of the Tc/a for Ba6GaNb9O30 compound (75 K) 
was obtained with less accuracy than for the other two analogues (± 15 K). 
However, in the limit of indicated errors, the Tc/a values match very well to the 
TVF ones (Table 3.6).  
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Figure 3.27 Unit cell tetragonality, (c/a), as a function of temperature for  
Ba6GaNb9O30 (a), Ba6ScNb9O30 (b), and Ba6InNb9O30 (c). 
 
3.4 Structural origin of dipole response, manifesting in the relaxor 
behaviour and characterized by dipole freezing 
 
3.4.1 Systematic correlation with B-cation size  
 
The relaxor properties of samples were initially probed using the most 
common approach of fitting of the real part of dielectric permittivity to the 
Vogel-Fulcher model.  This allowed extraction of three variables, namely the 
Vogel-Fulcher temperature, TVF, activation energy, Ea, and fundamental 
response frequency, f0. Where possible, Ea and f0 parameters and characteristic 
temperature, TUDR, were also determined by fitting of the dielectric loss to 
Jonscher’s empirical two-exponent UDR model [38]. Parameters obtained from 
analysis of both real and imaginary parts of the complex dielectric function give 
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good agreement, Table 3.6. The largest discrepancy is the value obtained for 
TUDR of the In analogue as determined from the extrapolation of m to zero, 
Figure 3.23; this method gave a significantly higher value than the temperature 
extracted from VF fitting and the crystallographic data. The extrapolation of the 
m data for this sample is from well above the expected intercept and assumes 
linear behaviour. Similar m data for the Sc sample, for which it was possible to 
obtain m values over a wider temperature range, showed clear non-linear 
behaviour, Figure 3.20b; if this is also the case for the In sample, then the 
extrapolation used here is a significant over-estimate of TUDR. Unfortunately it 
was not possible to obtain m at lower temperatures for the In-analogue. 
 Crystallographic data showed a clear structural anomaly, manifested as a 
maximum in anisotropy, and hence tetragonal strain at temperatures 
corresponding those temperature parameters determined by two different 
analysis methods of dielectric data. The structural origin of this behaviour is 
discussed below, but what is clear is that all three samples show consistent and 
systematic behaviour: with increasing B-cation radius the dielectric curves are 
displaced to higher temperature. More in-depth analysis shows a systemic 
increase in the parameters Ea and, more pertinently, characteristic temperatures, 
TVF, TUDR and Tc/a as determined from 3 different methods. The latter show an 
almost linear trend as a function of rB, Figure 3.28, as was suggested previously 
for Tm data [16].  
 
Figure 3.28 Dependence of characteristic temperature parameters determined by  
the three different methods, as a function of M3+ B-cation radius. 
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The overall behaviour is entirely consistent with dipoles generated by an 
off-centring of cations which decreases in magnitude with decreasing thermal 
energy (temperature). For the electrical response the decreasing mobility of the 
atomic displacements is manifested as a slowing down of the average relaxation 
frequency as noted in the ε″(f,T) response.  
At Tc/a the atoms no longer have sufficient energy to displace through 
the centrosymmetric position and so are locked within an energy minima in a 
certain crystallographic axis resulting in stiffening of the lattice and a resistance 
to thermal contraction. This atomistic explanation is examined in more detail in 
terms of the crystallographic data below. If the characteristic temperature 
parameters, TVF, TUDR and Tc/a do indeed correspond to some dipole freezing 
temperature, Tf, then it denotes the thermal stability of the dipoles, and is 
clearly related to the local crystal structure.   
 
3.4.2 Physical manifestation of dipole freezing 
 
There is some considerable debate as to the physical meaningfulness of 
the parameter TVF (often referred to as a dipole freezing temperature) [39,46], 
both because in some cases the parameters obtained for relaxor ferroelectrics 
and dielectrics are physically unrealistic [28,29] and also in many polymers and 
glasses, for example, TVF as determined from VF fitting corresponds to some 
seemingly arbitrary temperature below the glass transition temperature, Tg, 
determined by thermal analysis. One would naturally assume in the latter, 
glassy systems that Tg and TVF would coincide as the Tg describes the 
temperature at which “molecular” or segmental motion ceases (freezes).  
It is clear in our materials, however, that TVF as determined from the 
macroscopic, but dynamic, dielectric response corresponds to a physical process 
that is manifested in the macroscopic, time- and spatially-averaged crystal 
structure determined by diffraction.  This indicates that TVF relates to a physical 
process. The crystallography shows a clear and unambiguous relationship 
between maximal tetragonal strain and TVF; this behaviour is entirely consistent 
with the freezing of dipoles, which originates from atomic displacements.  
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In our analysis, there remains the question why the dielectric constant 
data are best described by the Vogel-Fulcher expression (a modified Arrhenius 
with some finite thermal activation temperature, TVF) while the dielectric loss 
displays simple thermally activated (Arrhenius) behaviour (although it should 
be noted that it was only possible to obtain fp values over a narrow temperature 
range). Such behaviour was previously observed in the related TTB 
Sr2LaTi2Nb3O15 [36], however the authors clearly identified two contributing 
relaxations in the dielectric loss which they attributed to a breathing and 
flipping mechanism of PNRs. We do not see such a double contribution in the 
samples examined in this chapter and so there are two possibilities for the 
observed behaviour: (i) there are two separate relaxation processes, one 
dominates the dielectric polarisability and the other the loss, but which are not 
resolvable; (ii) that a single mechanism gives rise to the behaviour observed in 
both the real and imaginary parts. The first scenario may be unlikely given that 
the TVF and TUDR temperatures linked to two separate responses are coincident 
in each sample yet vary significantly across the compositional series. The 
second scenario can be rationalised based on the description at atomic 
displacements outlined in the previous section. The maxima in dielectric 
constant represent contributions of displacements through the centrosymmetric 
position (z = 0.5 in the unit cell), i.e. flipping, and TVF represents the temperature 
at which they no longer have sufficient energy (thermal or field-driven) to do 
so; they become locked in the c-axis but are still prone to small perturbation 
both along the c-axis (but not through the point of inversion symmetry), i.e. 
breathing, and in the ab plane.  This behaviour is similar to a flipping and 
breathing type model but for non- or weakly-interacting dipoles rather than 
collective behaviour within PNRs for which we have no evidence (see 
discussion below). This accounts for both a freezing type behaviour for 
polarisability (and hence Vogel-Fulcher) behaviour, and finite – but slowing – 
relaxation of the dielectric loss at all temperatures. 
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3.4.3 Structural origin of the dipolar response 
 
Many relaxor dielectrics differ from classical ferroelectrics in that they 
undergo no macroscopic change in symmetry even if there is local non-
centrosymmetry as in the polar nano region (PNR) model, e.g. in PMN. 
Nevertheless, even in PMN there are some structural correlations associated 
with the nucleation and growth of such PNRs. For example the local 
rhombohedral distortion in the PNRs with polarization developed along the 
<111> axis results in weak and diffuse Bragg scattering [44,45]. It also results in 
a resistance to linear thermal contraction as an effect of the strain induced by 
the local dipoles. In zero-field-cooled (ZFC) PMN, the strain induced during 
random nucleation of PNRs in the 8-fold <111> directions on cooling from the 
high temperature cubic polymorph spatially average resulting in an isotropic 
relative expansion [44]. While there is no evidence of any diffuse Bragg peaks, a 
similar non-linear volume contraction at low temperature is observed. 
However, this only occurs below 100 K (several hundred K lower than in PMN, 
which shows a deviation starting at the Burns temperature which is associated 
with PNR nucleation, and which also results in deviation from Curie-Weiss 
behaviour and a change in refractive index) [47-50] and appears to occur at a 
similar temperature in all materials independent of the M3+ ion and therefore 
most likely denotes the approaching limit for bond contraction. The 
crystallographic data also show, however, a clear structural anisotropy at Tc/a 
which is dominated by the non-linear c-axis response. This clearly suggests that 
the dipoles displacements are predominantly active in the c-axis. It worthy to 
note that it is simply as a result of the highly anisotropic nature of the TTB 
structure that this distinction is clear; the majority of diffraction studies of 
relaxor dielectrics are perovskite based which have pseudo-cubic local 
distortions which are spatially averaged and so make identification of the 
displacement axis difficult using long range, structure averaging diffraction 
techniques. In order to further investigate any displacive origin of the dipoles, 
the diffraction data were examined in more detail. 
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 Initial refinements were carried out in the centrosymmetric, P4/mbm, 
space group with atomic displacement parameters refined isotropically (Uiso); 
these criteria confine the B-cations in the c-axis (to z = 1/2 in the unit cell), but 
allow displacement from their ideal positions in the ab plane. The refinements 
indicate that the Uiso values for the B1 site and the oxygen ions that link the 
MO6 octahedra in the c-plane (O1 and O3) appear higher than those determined 
for the other ions within the unit cell. The data were refined again (in the 
P4/mbm space group) but with anisotropic atomic displacement parameters, 
Uaniso, for the two B-site positions. All refinements showed improved goodness 
of fit factors as a result of the extra degrees of freedom associated with Uaniso. 
The results clearly show a large anisotropy for the B1 cation with much larger 
displacements in the c-axis as indicated by U33. Table 3.7 gives the goodness of 
fit factors and Uaniso for the Nb1 and Nb2 positions for the Ba6GaNb9O30, 
Ba6ScNb9O30 and Ba6InNb9O30 at 100 K. This strongly suggests that the dipoles 
originate from displacement of B1 cations in the c-axis. In an attempt to estimate 
more closely the magnitude of these displacements, refinements were carried 
out in the non-centrosymmetric space group P4bm; the mirror plane 
perpendicular to the c-axis at z = 0.5 is removed allowing off-centring of the B-
cations. These refinements were conducted fixing the A-site cations at the origin 
and in the z direction for the A1 and A2 sites, respectively, to allow the atomic 
displacements of the B-site cations to be quantified. There is very little 
movement of the Ba2+ ion on the A2-site in either the x or y directions as a result 
of fixing these crystallographic sites. Similarly, very little displacement is 
observed for the O2- ions (particularly in the z direction), whilst there is a very 
clear displacement of the B-site cations.   
The B-cation atomic displacements are shown visually in Figure 3.29 at a 
temperature of 100 K. In P4/mbm symmetry, the B-cations are constrained on the 
solid line in the centre.  
Close inspection of the MO6 octahedral units (Figure 3.29) suggests that 
whilst the ions in B2-site are displaced predominantly in the c-direction they are 
also (more weakly) displaced in the ab plane. This suggests that rather than 
being significantly linked to dipolar behaviour this displacement arises as a 
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result of structural distortion and a rotation of the MO6 (B2) octahedra. On the 
other hand, the B1 octahedral site shows a clear displacement in the c-direction 
consistent with a dipole moment. These results would suggest that the B1 site 
dominates the dipolar response in these materials. Unsurprisingly (as suggested 
by the Tc/a values), the magnitude of displacement increases with increasing M3+ 
ionic radii confirming the relationship between crystallographic strain and 
polar stability [16].   
 
Table 3.7 Goodness of fit parameters and Uaniso for the Nb1 and Nb2 sites, refined  
in the space group P4/mbm showing the large displacement in the U33 parameter  
(particularly on the B1 site) consistent with the anisotropy observed in the c-axis. 
Parameters Ba6GaNb9O30 Ba6ScNb9O30 Ba6ScNb9O30 
χ2 8.526 10.49 8.981 
wRp (%) 4.89 5.27 5.36 
Rp (%) 4.63 4.85 4.72 
a (Å) 12.55351(3) 12.61249(3) 12.62929(3)   
c (Å) 3.97861(2) 4.00406(1) 4.01288(2) 
Cell Volume (Å3) 626.992(3) 636.945(3) 640.051(3) 
Nb1/M3+1, (0,½, ½)    
Nb1/ M3+1 U(aniso) × 100 Å2 
U11 
U22 
U33 
U12 
U13 
U23 
 
0.43(5)  
0.43(5)  
2.1(1) 
 -0.07(7) 
0.0 
0.0 
 
0.40(5)       
0.40(5)       
3.18(9) 
-0.03(6) 
0.0 
0.0 
 
0.02(5)       
0.02(5)       
2.8(1)      
0.06(7) 
0.0 
0.0 
Nb2/ M3+2 (x,y, ½) 0.07472(7) 
0.21450(6) 
0.07556(6) 
0.21421(5) 
0.07605(7) 
0.21412(7) 
Nb2/ M3+2 U(aniso) × 100 Å2 
U11 
U22 
U33 
U12 
U13 
U23 
 
0.64(4)       
0.13(4)       
1.00(4)       
0.11(4) 
0.0 
0.0 
 
0.43(4)       
0.08(4)       
0.92(3)     
0.12(3) 
0.0 
0.0 
 
0.56(5)       
0.22(4)       
1.04(4)       
0.29(4) 
0.0 
0.0 
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Figure 3.29 B-cation displacements for both B1 and B2 octahedra in Ga, Sc and In analogues 
determined from refinement of data at 100 K in non-centrosymmetric space group P4bm. 
 
3.4.4 Nature of the relaxor behaviour 
 
The precise nature of the relaxor behaviour in these materials is not 
currently known. There are two broad categories of relaxors (see more details in 
Chapter 1) depending on the degree and length scale of correlation between the 
dipoles: canonical relaxor dielectrics, which are essentialy dipole glasses with 
weak dipole-dipole interactions and little or no dipole ordering; and relaxor 
ferroelectrics with short range polar ordering resulting in ferroelectrically active 
nano-domains (commonly referred to as polar nano-regions, PNRs). The data 
reported here clearly indicate that this family of materials are essentially 
uniaxial relaxors with the dipolar response dominant in the short c-axis.   
Recently, the random-field Ising model (RFIM), which is similar to that 
used to explain spin-glass systems, has been used to describe uniaxial relaxor 
character in Sr0.61Ba0.39Nb2O6 (SBN) tetragonal tungsten bronzes [51]. In SBN, 
the relaxor ferroelectric character arises as a result of the formation of 
metastable PNRs which are separated by paraelectric interfaces. The formation 
of PNR occurs as a result of A-site disorder driven not only by the size 
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differences between Ba2+ and Sr2+ but also by the random distribution of vacant 
sites [51]. The formation or random distribution of these vacancies is suggested 
to create random electric fields, which favour the alignment of polarised 
clusters. Our materials incorporate neither A-site disorder, nor vacancies. 
Furthermore, PND data suggests that the dipolar response in these materials is 
predominantly linked to the B1-site, making these materials chemically dilute 
(the ratio of B1- to B2-sites is 1:4 in the TTB unit cell). This would suggest that 
the RFIM does not accurately describe the origin of the relaxor behaviour in 
Ba6M3+Nb9O30 materials. In these TTBs it can be considered that we have a 
dilute dipolar system arising from ‘polar’ chains of B1-ions spatially separated 
within an effectively non-polar/weakly polar matrix formed by the 
crystallographic distribution of the B2-sites. Whilst the Isling model describes 
uniaxial relaxor behaviour it is based on domain formation (as described above) 
and thus cannot describe the behaviour seen here since the formation of large 
polar domains is restricted by the crystallography. In an attempt to investigate 
any relaxor ferroelectric properties in these materials, polarisation-field (P-E) 
measurements were carried out on the Ba6InNb9O30 samples at 288-298 K (i.e. 
well within the range of Tm values) in the frequency range 1 Hz – 1 kHz and at 
applied fields of up to 50 kV·cm-1; the response was consistent with a (slightly 
lossy) linear dielectric. In relaxor ferroelectrics such as PMN even at Tm, and 
above, the residual PNRs result in either a slim loop or non-linear behaviour 
[52]. We observe neither, although the coercive field in these materials may be 
as high as 100 kV·cm-1 [53], which we were unable to sustain and so these 
results are far from conclusive. In addition however, field cooled (1 kV·cm-1) 
followed by zero field heating dielectric measurements from ambient to 50 K in 
the Sc analogue showed no change in the dielectric response. The absence of 
PNRs is also supported by the Curie-Weiss plots (Figure 3.30, data at 1 MHz), 
which show no deviation associated with PNR nucleation at some Burn’s 
temperature, Td. While certainly not conclusive, the absence of any hysteresis 
(P-E) loop or non-linear behaviour combined with the lack of variation of 
dielectric response on field cooling and also the excellent Curie-Weiss 
behaviour collectively suggest an absence of PNRs – i.e. the behaviour is not 
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dominated by nucleation and growth, but more of a glassy freezing character; Tf 
could therefore represent the dipole freezing temperature denoting a transition 
from the ergodic into a nonergodic state characterized by divergence of the 
longest relaxation time [54]. This clearly favours a canonical relaxor dielectric 
(dipole glass) model for these materials, but this requires further investigation. 
Lastly, we have not investigated the possibility of an incommensurate crystal 
structure in our materials. Such periodic modulations result in a distribution of 
dipole environments and hence relaxor behaviour [55,56]. 
 
 
Figure 3.30 Curie-Weiss plots for Ba6GaNb9O30, Ba6ScNb9O30 and Ba6InNb9O30  
(data is at 1 MHz). 
 
3.5 Summary of Chapter 3 
 
 A new family of relaxor dielectrics with the tetragonal tungsten bronze 
structure (nominal composition Ba6M3+Nb9O30, M3+ = Ga, Sc or In) was studied 
using temperature dependent powder neutron diffraction, scanning electron 
microscopy, high temperature impedance spectroscopy and low temperature 
dielectric spectroscopy.  
For the Ga and In analogues, the SEM images of the pellets have revealed 
good, dense internal microstructures, with well-bonded grains and only 
discrete porosity; the majority of the grains have almost completely fused into 
big lumps of material with irregular shape and formed continuous interfaces. 
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However, the Sc analogue pellet does not have a very good internal 
microstructure, with many small and poorly-bonded grains, gathered in 
agglomerates (linked by some independent small grains with irregular shapes 
and dimensions) and also with independent small grains exceeding and 
randomly distributed, resulting in significant continuus porosity and poorly 
defined grain boundary regions. In order to describe the behaviour of different 
regions within these ceramics, high temperature impedance spectroscopy 
studies were carried out. They have revealed broadly similar behaviour of the 
three compounds – electrical insulators, with only moderate level of 
conductivity at temperatures above 350 °C. In the Sc analogue case, the time 
constants (τ) of both bulk (τb) and grain boundary (τgb) components have almost 
the same values, this fact relating to the poor microstructure of the pellet as was 
evidenced previously (when the shape, volume and arrangement of ceramic 
grains were expected to give a greater contribution for the grain boundaries to 
the overall process). From the activation energy values of the electrical 
conduction process it was evident that for Ba6GaNb9O30 and Ba6InNb9O30 the 
conduction mechanisms are dominated by the bulk response, while for 
Ba6ScNb9O30 the grain boundary effects are masking the bulk influence and 
overcoming the conduction process. 
The three analogues were studied using dielectric spectroscopy to probe 
the dynamic dipole response and correlate this with the crystal structure as 
determined from powder neutron diffraction. The relaxor properties are 
presented in detail; independent analyses of real and imaginary parts of the 
complex dielectric function were used to determine characteristic temperature 
parameters, TVF, and TUDR, respectively. The dielectric response was analysed 
using Vogel-Fulcher fitting of the frequency dependence of the maxima in real 
part of the dielectric permittivity to obtain the characteristic parameters 
denoted fundamental dipole response frequency, f0, activation energy, Ea, and 
Vogel-Fulcher temperature, TVF. Where possible f0, Ea and characteristic 
temperature, TUDR, parameters were also determined by independent fitting of 
the dielectric loss to Jonscher’s empirical two exponent model. In all cases the 
characteristic temperature parameters were in good agreement. Given the 
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particular sensitivity of the VF methodology and its tendency to return non-
physical Tf values, the UDR method may provide a useful verification or even 
alternative approach for characterisation of relaxor behaviour. Overall, the 
analysis of dielectric data showed a systematic (almost linear) increase in the 
dipolar response of these materials with increasing M3+ cation size. 
Crystallographic studies using variable temperature power neutron 
diffraction were used to probe the structural response and showed that all three 
materials undergo non-linear thermal contraction in the short c-axis resulting in 
a maxima in tetragonality at a characteristic temperature, Tc/a, correlating also 
to TVF and TUDR determined from dielectric data. Rietveld refinements show 
that the dipolar response is dominated by local, non-cooperative displacement 
of B1 cations in the c-axis. The dipole stability increases with increasing M3+ 
cation size as a result of increased tetragonality of the unit cell. The magnitude 
of displacement increases with average B-cation size and therefore crystal 
anisotropy is entirely consistent with the observed dielectric properties, which 
suggest a linear increase in Tc/a, TVF and TUDR with B-cation size. The collective 
behaviour suggests that the characteristic temperatures Tc/a, TVF and TUDR 
determined form the various analyses are consistent with the slowing and 
eventual freezing of a dipolar response in these materials at a temperature Tf. 
The crystallography unambiguously shows that in this family of 
materials Tf relates to a real physical process manifested as maximal 
crystallographic strain in the active dipolar axis and so is entirely consistent 
with dipole freezing. In these materials, therefore, Tf may be used as a direct 
metric of thermal stability of the dipoles. 
Collectively, the data also strongly suggest that these materials are not 
relaxor ferroelectrics, but are better described by a “dipole glass”-type model 
and may therefore be better classified as relaxor dielectrics. 
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Chapter 4 
 
Modelling the Relaxor Properties of Ba6M3+Nb9O30 
(M = Ga, Sc, In) and their Solid Solutions 
 
 
4.1 In-depth analysis of the relaxor behaviour for Ba6M3+Nb9O30  
      (M = Ga, Sc, In) 
 
4.1.1 Structural results for the Ba6M3+Nb9O30 (M = Ga, Sc, In) ceramics 
 
For the in-depth analysis of the relaxor properties in Ba6M3+Nb9O30 
(where M = Ga, Sc, In) new ceramics were prepared and pellets were sintered 
for longer times (12 hours compared to 6.5 hours) at the temperatures 
previously reported in Chapter 3 in order to improve the microstructure. 
In order to obtain dense and well-sintered pellets for the three 
investigated analogues of Ba6MNb9O30 the conditions described in Table 4.1 
were used. As previously described, the pellets were placed in alumina boats 
inside a tube furnace and heated to the sintering temperature. Heating and 
cooling rates were 10 K·min-1. Compared with the samples described in Chapter 
3, the relative densities are improved – all being above 92% (Table 4.1).  
 
   Table 4.1 Sintering conditions and densities for Ba6M3+Nb9O30 (M3+ = Ga3+, Sc3+, In3+) pellets.  
Compound 
Sintering temp.  
(°C) 
Sintering time 
(hours) 
Relative density 
 (%) 
Ba6GaNb9O30 1300 12 95.62 
Ba6ScNb9O30 1350 12 92.34 
Ba6InNb9O30 1350 12 95.21 
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All pellets were white, with no evident colour gradient on the external 
surfaces or fracture surfaces. The microstructures of the pellets were 
investigated using SEM. A representative micrograph describing the internal 
ceramic microstructure of the Ba6GaNb9O30 is shown in Figure 4.1. The 
micrograph reveals a highly dense microstructure with well-bonded grains (as 
shown from the intragranular nature of the fracture), and with only a few 
isolated pores. The high processing temperatures, which are close to the melting 
temperatures, indicate that all Ba6MNb9O30 pellets sintered well and this is 
consistent with the smooth and continuous surfaces in the SEM images. 
 
 
Figure 4.1 SEM image of the fracture surface of a Ba6GaNb9O30 pellet  
sintered at 1300 °C for 12 hours.  
 
Powder X-ray diffraction (PXRD) of crushed pellets was carried out to 
identify the compounds and to confirm no crystallographic change had 
occurred during the prolonged sintering stage; the results matched those of the 
previously investigated initial powders described in Chapter 3 (section 3.2). All 
three data sets were refined in the space group P4/mbm (No. 127) using the 
Rietveld method [1], Figure 4.2; the unit cell and goodness-of-fit parameters are 
presented in Table 4.2. A systematic increase in lattice parameters was observed 
with increasing ionic radius of the M3+ cation on the B-site (rGa3+ = 0.62 < rSc3+ = 
0.745 < rIn3+ = 0.80 Å for 6-fold coordination [2]), with only a small increase in 
lattice parameters observed between the Sc and In analogues, but in reasonable 
agreement with the previous X-ray diffraction study [3]. The refinement of the 
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X-ray diffraction data for Ga analogue includes a small amount of Ba5Nb4O15 
perovskite second phase, as previously discussed in Chapter 3. 
 
 
Figure 4.2 Rietveld refinement profile of room temperature PXRD data in  
centrosymmetric, tetragonal space group P4/mbm for:  
Ba6GaNb9O30 (top); Ba6ScNb9O30 (middle); and Ba6InNb9O30 (bottom). 
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Table 4.2 Unit cell dimensions and goodness-of-fit parameters for Ba6M3+Nb9O30 (M3+ = Ga3+, 
Sc3+, In3+) crushed pellets sintered for 12 hours. XRD data refined in space group P4/mbm. 
Compound a (Å) c (Å) V (Å3) Rp (%) wRp (%) χ2 
Ba6GaNb9O30 12.57711(02) 3.97945(01) 629.484(04) 5.12 3.90 4.501 
Ba6ScNb9O30 12.66250(40) 4.01827(13) 644.285(35) 6.14 5.91 8.589 
Ba6InNb9O30 12.67010(40) 4.02516(15) 646.160(40) 5.34 5.96` 8.201 
 
4.1.2 Vogel-Fulcher analysis of Ba6M3+Nb9O30 (M = Ga, Sc, In) ceramics 
 
The aim of this section was to investigate the reproducibility and validity 
of the results reported in Chapter 3. In-depth analysis of the dielectric relaxation 
processes in pellets of Ba6M3+Nb9O30, where M = Ga, Sc, In with improved 
densities was performed by fitting the dielectric permittivity data using the 
Vogel-Fulcher expression (eq. 4.1) [4,5], as previously proposed by Viehland et 
al. [6] and described in Chapter 3. 
 ( )VFm
a
TTk
E
0 eff −
−
⋅=  
(4.1) 
where f is the frequency of the perturbation (applied ac field frequency, Hz); f0 is 
the fundamental attempt or limiting response frequency of the dipoles (Hz); Ea 
is the activation energy of local polarisation (J); Tm is the temperature (K) of 
maximum dielectric constant at frequency f; TVF is the characteristic Vogel-
Fulcher temperature (often described as the static freezing temperature (K) 
[4,5]); and k is Boltzmann constant (1.38×10-23 J·K-1 or 8.617×10-5 eV·K-1). 
By plotting the natural logarithm of applied frequency (f) against 
temperature of the dielectric permittivity maximum (Tm) [6], the following 
representation of data is obtained (Figure 4.3). From these Vogel-Fulcher (VF) 
curves it is apparent that with increasing ionic radius of the M species on the B-
site, the degree of relaxor behaviour increases as denoted by the increased Tm 
range (curvature of plots). The dipole freezing temperatures may not simply 
increase linearly as a function of cation size (as suggested in Figure 3.28); the 
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extrapolation of curves in Figure 4.3 may result in dramatically different values 
than those observed in Chapter 3. The Ga analogue displays the least relaxor 
behaviour as denoted by the smaller range of Tm values and the more linear and 
vertical VF curve. 
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Figure 4.3 Vogel-Fulcher curves for all three Ba6M3+Nb9O30 analogues (M = Ga, Sc, In). 
 
With increasing the M3+ radius, the VF curves are shifted to higher temperatures 
and the possibility of obtaining Tm values at low frequencies increases. This is 
because data at low frequencies are typically rather noisy, especially when 
approaching low temperatures. VF “free-fits” (where all three parameters: TVF, f0 
and Ea are allowed to vary) of Tm(f) extracted from dielectric permittivity data 
for Ga, Sc and In analogues are presented in Figure 4.4; the VF parameters 
obtained are presented in Table 4.3. It is worth mentioning that TVF is 
determined from the point at which the plotted curve goes vertical (i.e., lnf → -
∞) and f0 where the curve goes horizontal (Tm → ∞). 
 
Table 4.3 Vogel-Fulcher and goodness-of-fit parameters for Ba6M3+Nb9O30 (M3+ = Ga3+, Sc3+, In3+) 
determined from fits shown in Figure 4.4. 
Compound 
TVF 
(K) 
f0 
 (Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
Ba6GaNb9O30 59.60 ± 2.48 3.13 × 1011 ± 2 26.47 ± 0.68 0.0688 ± 0.0064 0.08961 
Ba6ScNb9O30 154.07 ± 1.49 1.66 × 1011 ± 3 25.83 ± 0.26 0.1101 ± 0.0038 0.05558 
Ba6InNb9O30 253.06 ± 3.52 6.50 × 106 ± 2 15.69 ± 0.54 0.0425 ± 0.0054 0.06277 
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Figure 4.4 Vogel-Fulcher free-fits of Tm(f) from dielectric permittivity data for  
Ga (a), Sc (b) and In (c) analogues. 
 
For the In analogue, the Ea and, in particular, lnf0 values seem too small – 
it is almost within the experimentally measurable limit, while TVF is ca. 30 K 
larger in comparison to that determined in Chapter 3. It is worth noting, 
however, that due to limitations in the experimental set-up it is not possible to 
record dielectric permittivity data much above 340 K (Fig. 4.5); this restricts the 
range of Tm values available for the In sample at high frequencies (Fig. 4.3) and 
will therefore affect fitting and evaluation of the VF parameters. Although the 
VF free-fit looks reasonable for In (Fig. 4.4), some physically sensible restriction 
on the fit parameters could provide more physically sensible results. 
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Figure 4.5 Dielectric permittivity as a function of  
frequency and temperature for Ba6InNb9O30. 
 
In Chapter 3, Figure 3.28, an upper limit for TVF would be approximately 
220 K; in this study, therefore, TVF was set at the fixed value of 220 K. The data 
was also fitted with a lower limit for f0 fixed at 2.26 × 1011 Hz which was 
determined from the average of that observed for the Ga and Sc analogues, 
Chapter 3.  The resulting restricted Vogel-Fulcher fits of the In analogue data 
with fixed TVF and lnf0 parameters are presented in Figure 4.6, with the results of 
the fit contained in Table 4.4.  
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Figure 4.6 Vogel-Fulcher restricted fits of Tm(f) extracted from dielectric permittivity data  
for Ba6InNb9O30; fixed TVF = 220 K (a) and fixed f0 = 2.26 × 1011 Hz (b) 
 
Visual inspection of Figure 4.6 shows that the restricted Vogel-Fulcher 
fits give a reasonable representation of the data but with deviations at the 
Chapter 4 – Modelling the Relaxor Properties of Ba6M3+Nb9O30 (M = Ga, Sc, In) and their Solid Solutions 
 - 142 -
extreme frequencies of the collected data. Figure 4.6b suggests that imposing a 
much too high value for f0 would increase the activation energy in such way 
that the resulting TVF value will be unrealistically low (Table 4.4). However, it is 
possible that any additional (parasitic) dielectric processes may affect the true 
shape of the main process in the VF representation, and that restricted fit, with 
fixed f0 of 2.26 × 1011 Hz, may actually better describe the main relaxation 
process if the influence of the additional process is somehow deconvoluted and 
removed; this possibility will be studied in the next chapter. 
 
Table 4.4 Vogel-Fulcher and goodness-of-fit parameters for Ba6InNb9O30 data for the free-fit, 
imposed TVF of 220 K and imposed average value of f0. 
Compound 
TVF 
(K) 
f0 
 (Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
Ba6InNb9O30 253.06 ± 3.52 6.50 × 106 ± 2 15.69 ± 0.54 0.0425 ± 0.0054 0.06277 
Ba6InNb9O30 220 imposed 6.98 × 108 ± 1 20.36 ± 0.27 0.1043 ± 0.0021 0.11910 
Ba6InNb9O30 179.27 ± 3.94 2.26 × 1011 imp. 26.15 imp.* 0.2173 ± 0.0066 0.17030 
*imposed value lnf0 representing the average of the obtained values for Ga and Sc compounds 
(<lnf0>=26.15) 
 
 Since for the free-fit of In analogue data, the TVF value is higher than 
expected (253 K) – while the other two Vogel-Fulcher parameters are too low 
(f0= 6.50 × 106 Hz; Ea=0.0425 eV), and on the other hand the imposed f0 = 2.26 × 
1011 Hz results in an unsatisfactory fit which provides a low value for TVF  (179.3 
K), it becomes evident that according to the In data in Figure 4.3, the fit has to 
flatten towards f0 values that shall be either higher than 6.98 × 108 Hz but lower 
than 1.66 × 1011 Hz. Therefore, it raises the possibility for increasing the TVF 
value from 180 K to 220 K, of course the most probable case is somewhere in 
between, Figure 4.7. 
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Figure 4.7 Dependence of characteristic Vogel-Fulcher temperature, TVF,  
on M3+ B-site cation radius. TVF for the In analogue was determined  
(i) by a free-fit, (ii) by fixed TVF and (iii) by fixed f0. 
 
In order to investigate the influence on the fit parameters of the limited 
domain of frequencies where from the Tm values were obtained in the case of 
the In sample the working domains for Ga and Sc analogues were restricted 
(Figure 4.8a) to that obtained for the In analogue. The upper and lower limits 
are crucial as these regions display the most curvature and it is therefore 
expected that these will have a large influence on the fit. 
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Figure 4.8 Vogel-Fulcher representation of the dielectric permittivity data for all three 
Ba6M3+Nb9O30 analogues (M = Ga, Sc, In) over a limited frequency range (a), and Vogel-Fulcher 
restricted fit of Sc analogue in this limited frequency range (b). 
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Restricting the frequency range for the Ga analogue to that of the In 
analogue, as shown in Figure 4.8a, resulted in a near straight line and thus in 
the impossibility of performing a satisfactory Vogel-Fulcher fit – the parameters 
are not physically realistic. While for the Sc analogue, a free fit over the selected 
low frequency range of Tm data provided a TVF value which is 68 K smaller than 
that obtained for the free-fit over the entire range, and a f0 value of 2.43 × 1018 
Hz, which is rather large and physically unrealistic (Table 4.5). 
 
Table 4.5 Vogel-Fulcher and goodness-of-fit parameters for Ba6ScNb9O30, determined from free-
fits of data over the entire and selected frequency ranges. 
Compound 
TVF 
(K) 
f0 
 (Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
Ba6ScNb9O30 * 154.1 ± 1.5 1.66 × 1011 ± 3  25.83 ± 0.26 0.1101 ± 0.0038 0.05558 
Ba6ScNb9O30 ** 86.2 ± 44.6 2.43 × 1018 ± 7.5 × 104  42.34 ± 11.23 0.4136 ± 0.2680 0.03962 
* entire available frequency range 
** In analogue limiting frequency range 
 
 As reported previously, even in the case of Tm data sets collected over a 
wider frequency range, it is extremely difficult to obtain reliable values for TVF, 
f0 and Ea from the Vogel-Fulcher fitting of such curves. It is obvious that when 
extrapolating from the most linear part of the curve (essentially the 
experimental points on the VF curve), this process is a very sensitive one, 
especially for the case of TVF and f0 [7] – with small differences in the 
experimental data inducing large variations in the parameters of the fit. These 
are important considerations for the VF analysis which follows. 
 
4.2 Structural and electrical properties of the Sc-In solid solutions 
 
In this section, the full structural, morphological and dielectric 
characterisation of B-site substituted Sc-In solid solutions with general formula: 
Ba6ScxIn1-xNb9O30 (x = 0.75, 0.5, 0.25) TTB materials is discussed. The 
investigation of the structural evolution and of the characteristic temperature 
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parameters for each sample is interesting in the wider context of understanding 
the behaviour of Sc and In analogues, and of course as part of the Ba6M3+Nb9O30 
series.  
Three samples with the nominal compositions: Ba6Sc0.75In0.25Nb9O30, 
Ba6Sc0.5In0.5Nb9O30 and Ba6Sc0.25In0.75Nb9O30 were prepared as described in 
Chapter 2 (experimental methods). Pellets for microstructural and electrical 
characterisation were heated at 10 K·min-1 from room temperature to 1350 °C, 
where they were kept isothermally for 12 hours. After sintering, they were 
cooled with the rate of 10 K·min-1 at 20 °C; all pellets had > 92% of relative 
density (ρr), Table 4.6.  
 
Table 4.6 Sintering temperatures of Ba6ScxIn1-xNb9O30 (x = 0.75, 0.5, 0.25) ceramics  
for 6.5 hours and relative densities of the pellets.  
Compound 
Sintering temp.  
(°C) 
Sintering time 
(hours) 
Relative density  
(%) 
Ba6Sc0.75In0.25Nb9O30 1350 12 92.43 
Ba6Sc0.50In0.50Nb9O30 1350 12 93.34 
Ba6Sc0.25In0.75Nb9O30 1350 12 92.87 
 
4.2.1 Structural results for the Ba6ScxIn1-xNb9O30 (x = 0.75, 0.5, 0.25) ceramics 
 
Room temperature PXRD of crushed pellets are presented in Figure 4.9. 
All three samples adopt the TTB structure with only small amount of Ba5Nb4O15 
slab perovskite secondary phase appearing at 31° (2θ); the amount of minor 
phase decreases with introducing more In (Figure 4.9).  
All three were refined in the space group P4/mbm (No. 127) using the 
Rietveld method [1], Figure 4.10 and the unit cell and goodness-of-fit 
parameters are presented in Table 4.7. Even if the amount of Sc/In is changing, 
the average radius of <Sc,In> changes only slightly from 0.665 Å to 0.755 Å (and 
diluted even more in the overall average B-site radius (Sc,In):Nb ratio of 1:9), 
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therefore the lattice parameters corresponding to the three investigated 
compounds are very similar (Table 4.7). 
 
Table 4.7 Unit cell dimensions and goodness-of-fit parameters for Ba6ScxIn1-xNb9O30  
(x = 0.75, 0.5, 0.25) refined from XRD data in space group P4/mbm. 
Compound a (Å) c (Å) V (Å3) Rp (%) wRp (%) χ2 
Ba6Sc0.75In0.25Nb9O30 12.66570(50) 4.02058(18) 644.984(25) 6.23 3.98 4.602 
Ba6Sc0.50In0.50Nb9O30 12.66070(40) 4.01964(14) 644.320(45) 5.98 5.37 5.28 
Ba6Sc0.25In0.75Nb9O30 12.66020(60) 4.02089(24) 644.471(40) 6.21 6.29 7.36 
 
 
Figure 4.9 Room temperature powder X-ray diffraction data for Ba6Sc0.75In0.25Nb9O30 (bottom), 
Ba6Sc0.5In0.5Nb9O30 (middle) and Ba6Sc0.25In0.75Nb9O30 (top); Ba5Nb4O15 main peak at 31° (2θ). 
 
4.2.2 Microstructural analysis and high-temperature impedance spectroscopy 
 
All pellets were white, with no evident colour gradient on the external or 
fracture surfaces. Representative SEM micrographs of the ceramic 
microstructures are shown in Figure 4.11. 
Micrographs of the three Sc-In solid solutions reveal a highly dense 
microstructure with well-bonded grains. The parallelepiped/columnar nature of 
the grains can be observed; the grain size appears to be fairly uniform and of 
the order of 4-6 μm long and 2-3 μm wide (i.e., Figure 4.11a).  
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Figure 4.10 Rietveld refinement profiles of room temperature powder X-ray data in 
centrosymmetric, tetragonal space group P4/mbm for: Ba6Sc0.75In0.25Nb9O30 (top); 
Ba6Sc0.50In0.50Nb9O30  (middle); and Ba6Sc0.25In0.75Nb9O30  (bottom). 
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Comparing these images to SEM images of Ba6ScNb9O30 pellet prepared in the 
same conditions, which have revealed a poor microstructure with poorly-
bonded small-sized grains and significant continuous porosity, the 
microstructure of Sc-In solid solutions is much improved with enriching In 
content (Figures 4.11c and 4.11e).  
 
Figure 4.11 SEM images of the fracture surface of Ba6Sc0.75In0.25Nb9O30 (a,b),  
Ba6Sc0.5In0.5Nb9O30 (c,d) and Ba6Sc0.25In0.75Nb9O30 (e,f) pellets sintered at 1350 °C. 
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With increasing the In content, the porosity becomes practically insignificant 
(Figures 4.11b, 4.11d and 4.11f), the grain boundaries appear less distinct and 
the resulting morphology resembles the Ba6InNb9O30 sample reported 
previously (see Figure 3.5 in Chapter 3). 
In order to describe the electrical behaviour of different regions within 
the ceramics, high temperature impedance spectroscopy was carried out as 
described previously in Chapters 2 and 3. For the Ba6ScxIn1-xNb9O30 ceramics, the 
high-temperature impedance spectroscopy data are similar to those of Ga, Sc 
and In analogues of Ba6MNb9O30, presented in Figures 3.6-3.8 of Chapter 3, 
therefore they are not presented here. Essentially, the spectra are dominated by 
a single response, as indicated by the appearance of a single Debye-like peak in 
both M” and Z” at the same characteristic relaxation frequency (fmax). From the 
magnitude of associated capacitance (~ 10-11 F·cm-1), this is attributed to the bulk 
response. In all samples, the Z” peak shows some asymmetry in the lower 
frequency side and suggests a minor grain boundary contribution, but it is not 
possible to resolve this sufficiently to extract associated R and C values. 
Bulk conductivities (σb) and relaxation times (τb) were extracted from M” 
spectra as described in Chapter 3 and are shown in Arrhenius format in Figure 
4.12 and 4.13. The data correspond well to that reported for Sc and In analogues 
in Chapter 3. The Sc-In solid solutions samples exhibit similar behaviour to the 
Sc compound and again, the In sample has a slightly different activation energy, 
Table 4.8.  
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Figure 4.12 Arrhenius plot of the bulk electrical conductivity data (from M”max vs. freq.)  
for Ba6ScxIn1-xNb9O30 (x = 0.75, 0.5, 0.25) in comparison with Ba6MNb9O30 (M = Ga, Sc, In). 
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Figure 4.13 Arrhenius plots of the bulk time constant data (from M”max vs. freq.)  
for Ba6ScxIn1-xNb9O30 (x = 0.75, 0.5, 0.25) in comparison with Ba6MNb9O30 (M = Ga, Sc, In). 
 
Generally, a small decrease of the activation energy is observed when 
decreasing the Sc content for the conduction process (Table 4.8). The same 
analysis was also carried out using Z” data and gave good agreement, Table 4.8, 
with the exception of the In analogue which had significantly different Ea values 
as determined from the M” and Z” spectra; this difference is do to the influence 
of the grain boundary resistance contributing the Z” data, but not affecting the 
capacitive response (M” data). The reason for the significantly different Ea value 
for the In composition is not clear. 
Novel Polar Dielectrics with the Tetragonal Tungsten Bronze Structure 
 - 151 -
Table 4.8 Bulk activation energies for Ba6ScxIn1-xNb9O30 (x = 0.75, 0.5, 0.25) electrical conduction 
processes; data extracted from the electrical conductivity (σ) and time constant (τ). Comparison 
with Ba6ScxIn1-xNb9O30 (x = 1, 0). 
Compound 
σbulk τbulk 
(M’’ data) (Z’’ data) (M’’ data) (Z’’ data) 
Ba6ScNb9O30 
Ea=1.114±0.083 Ea=1.127±0.031 Ea=1.233±0.065 Ea=1.262±0.028 
r=0.99272 r=0.99810 r=0.99440 r=0.99877 
Ba6Sc0.75In0.25Nb9O30 
Ea=1.137±0.018 Ea=1.196±0.014 Ea=1.261±0.018 Ea=1.484±0.093 
r=0.99959 r=0.99985 r=0.99970 r=0.99606 
Ba6Sc0.50In0.50Nb9O30 
Ea=1.095±0.020 Ea=1.108±0.012 Ea=1.203±0.020 Ea=1.203±0.020 
r=0.99937 r=0.99975 r=0.99942 r=0.99942 
Ba6Sc0.25In0.75Nb9O30 
Ea=1.057±0.022 
-* 
Ea=1.188±0.018 
-* 
r=0.99957 r=0.99977 
Ba6InNb9O30 
Ea=0.676±0.036 Ea=0.820±0.047 Ea=0.803±0.036 Ea=1.238±0.059 
r=0.99287 r=0.99181 r=0.99498 r=0.99435 
r - correlation coefficient; Ea - activation energy (eV); *only two data points available 
 
4.2.3 Low temperature dielectric spectroscopy and Vogel-Fulcher analysis 
 
Dielectric spectroscopy data in the range 50 to 350 K showed that all 
three compounds exhibit characteristic relaxor behaviour with a strong 
frequency dependence of peaks in both dielectric constant and dielectric loss as 
a function of temperature (Figures 4.14, 4.15 and 4.16). For the same frequency, 
the dielectric curves are displaced to higher temperatures with increasing 
average B-site ionic radius (increasing In content), consistent with the results in 
Chapter 3. The experimental measuring setup was programmed to acquire data 
very fast for each frequency at a certain temperature, while the samples were 
subjected to a controlled linear non-isothermal regime, in order to further 
characterise the relaxor behaviour with higher temperature and frequency 
resolution.  
Dielectric data for Ba6Sc0.75In0.25Nb9O30, are shown in Figure 4.14. The 
dielectric permittivity (Figure 4.14a) decreases with increasing frequency and its 
corresponding maxima shifts towards higher temperatures (Tm). The dielectric 
loss is also frequency-dependent, but the curve maxima are shifted to higher 
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temperature relative to the dielectric permittivity; for the same frequency, the 
temperature of the dielectric loss maximum, Tm, has a different value than the 
dielectric permittivity one. The dielectric loss maximum shifts towards higher 
temperatures with increasing frequency (Figure 4.14b). At high temperatures, 
and most commonly above Tm, the dielectric loss increases with increasing 
frequency; at lowest temperatures, the dielectric loss decreases with increasing 
frequency. Dielectric data for the Ba6Sc0.5In0.5Nb9O30 and Ba6Sc0.25In0.75Nb9O30 
ceramics are shown in Figures 4.15 and 4.16, respectively. They exhibit the same 
trends as Ba6Sc0.75In0.25Nb9O30, but shifted to higher temperatures for the same 
corresponding frequencies.  
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Figure 4.14 Dielectric constant (a) and loss (b) as a function of frequency and temperature  
for Ba6Sc0.75In0.25Nb9O30. 
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Figure 4.15 Dielectric constant (a) and loss (b) as a function of frequency and temperature  
for Ba6Sc0.5In0.5Nb9O30. 
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Figure 4.16 Dielectric constant (a) and loss (b) as a function of frequency and temperature  
for Ba6Sc0.25In0.75Nb9O30. 
 
For comparative purposes the dielectric permittivity of the three 
investigated compounds are presented in Figure 4.17 together with those of 
Ba6ScNb9O30 and Ba6InNb9O30, at the same frequencies of f = 1.467 kHz (Figure 
4.17a), f = 6.812 kHz (Figure 4.17b) and f = 1 MHz (Figure 4.17c). In each case the 
dielectric permittivity curves (and therefore Tm values) are shifted to higher 
temperatures with increasing In content. With increasing In the peaks also 
become more asymmetric and the curves flatten at temperatures above Tm. 
There is no sustained trend of the magnitude of dielectric permittivity 
maxima with changing composition within the Sc-In solid solutions, but this is 
probably due to microstructural differences as a result of differences between 
the optimum and the actual processing temperature (1350 °C). 
In all compounds the dielectric loss curves (and to a lesser extent also in 
the dielectric permittivity ones), a second response appears on the low 
temperature side of the peak maxima; this additional feature becomes more 
evident with increasing In content – Figures 4.14b, 4.15b and 4.16b. At the 
highest In concentrations, another small peak in the dielectric permittivity may 
be observed between roughly 60 and 180 K (Figure 4.17). This additional (third) 
process becomes more relevant with increasing the frequency (Figure 4.17c).  
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Figure 4.17 Dielectric constant of Ba6ScxIn1-xNb9O30 (x = 0.75, 0.5, 0.25) ceramics in comparison 
with the Ba6ScxIn1-xNb9O30 (x = 1, 0) ceramics, as a function of temperature for the frequencies of  
1.467 kHz (a), 6.812 kHz (b) and 1 MHz (c). 
 
The analysis of the dielectric relaxation processes in Ba6ScxIn1-xNb9O30 (x = 
0.75, 0.5, 0.25) ceramics is performed in the first stage by fitting the dielectric 
permittivity data with the Vogel-Fulcher model [4,5]. From the Vogel-Fulcher 
(VF) curves, Figure 4.18, it clear once again that with increasing the ionic radius 
of the B-site species (replacing Sc with In), the curves are displaced to higher 
temperature and that relaxor degree increases as denoted by the increased Tm 
range (curvature of plots). It is also important to note that for the Sc-In 
intermediates, the VF curves are not smoothly curved but appear rather linear 
over certain regions. 
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Figure 4.18 Vogel-Fulcher representation of the dielectric permitivity data for solid solution 
samples Ba6ScxIn1-xNb9O30 (x = 0.75, 0.5, 0.25), compared with Sc and In end-members. 
 
As Sc is replaced with In, and the VF curves are shifted towards higher 
temperatures, the possibility of obtaining Tm values at low frequencies increases 
as discussed previously. Also, the second process that becomes apparent 
(particularly in the dielectric loss data) is not well separated from the main 
relaxation process and thus it influences the main peak and therefore the VF 
curves in Figure 4.18. The VF curves for the Sc-In samples, where some regions 
appear to deviate from their expected curvature, might be due to these 
additional relaxation processes that interfere with the main one. When 
increasing the In content, the flattening of the ε’ peaks at high frequencies, and 
also their shift beyond the temperature measuring window, make the 
acquisition of data in this important region much more difficult. 
Vogel-Fulcher free-fits of Tm(f) extracted from dielectric permittivity data 
for Ba6ScxIn1-xNb9O30 (x = 0.75, 0.5, 0.25) ceramics are presented in Figures 4.19a-
c; the resulting VF parameters are presented in Table 4.9.  
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Figure 4.19 Vogel-Fulcher free-fits of Tm(f) extracted from dielectric constant data for  
Ba6Sc0.75In0.25Nb9O30 (a), Ba6Sc0.5In0.5Nb9O30 (b) and Ba6Sc0.25In0.75Nb9O30 (c). 
  
Table 4.9 Vogel-Fulcher and goodness-of-fit parameters for Ba6ScxIn1-xNb9O30 (x = 0.75, 0.5, 0.25) 
ceramics, determined from data fitting in Figure 4.19. Data for Sc and In end-members are 
provided for comparison. 
Compound 
TVF 
(K) 
f0 
 (Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
Ba6ScNb9O30 154.07 ± 1.49 1.66 × 1011 ± 3 25.83 ± 0.26 0.1101 ± 0.0038 0.05558 
Ba6Sc0.75In0.25Nb9O30 91.53 ± 6.50 1.60 × 1016 ± 3 37.31 ± 1.09 0.3829 ± 0.0308 0.05167 
Ba6Sc0.50In0.50Nb9O30 122.41 ± 6.02 1.39 × 1014 ± 2 32.57 ± 0.91 0.2894 ± 0.0236 0.07739 
Ba6Sc0.25In0.75Nb9O30 188.95 ± 3.46 3.31 × 1010 ± 1 24.22 ± 0.54 0.1207 ± 0.0090 0.07530 
Ba6InNb9O30 253.06 ± 3.52 6.50 × 106 ± 2 15.69 ± 0.54 0.0425 ± 0.0054 0.06277 
 
 As can be seen form Table 4.9, data do not demonstrate any systematic 
variation that might be expected for solid solutions. The variation of f0 in 
particular is a concern cause, with values ranging over ten orders of magnitude. 
Clearly this is not easily explained by minor changes in composition. 
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 The results so far forecast an uncertain procedure to analyse the 
dielectric permittivity data and obtain correct values for characterising the 
relaxation processes. The peak asymmetry (especially in the dielectric loss data) 
advocate in-depth analyses of the dielectric loss curves by employing other 
methodologies for characterising the relaxation processes such as the universal 
dielectric response (UDR) model. This will discussed in the following section. In 
addition, the processing of the materials – which might induce subtle structural 
and microstructural changes and so introduce additional dielectric processes, 
affect the Vogel-Fulcher evaluation of data. These aspects will be investigated in 
greater detail in the subsequent chapter. 
 
4.3 Additional features in the dielectric spectroscopy data of the 
Sc-In solid solutions 
 
4.3.1 Multiple features in the dielectric loss data and Arrhenius fitting  
 
Besides the characteristic relaxation process, the dielectric spectroscopy 
curves of the investigated Sc-In solid solutions present additional processes or 
some parasitic features (Figures 4.5, 4.14-4.16). In the dielectric permittivity, ε’, 
data, with the increase in the In content, the curves become more asymmetric: at 
low temperatures a hump develops, while at high temperatures, the peak 
flattens above Tm with increasing frequency (Figure 4.17).  
Similar features were previously observed in other relaxor systems at 
low temperatures [8,9] and also at high temperatures [10,11], but in the majority 
of these studies the authors did not discussed their possible origin nor attempt 
to explain their meaning. In the TTBs Sr2NaNb5O15 [11], Ba2PrxNd1-xFeNb4O15 
[12] and Sr5RTi3Nb7O30 (R = La, Nd, Sm and Eu) [13] solid solutions, the 
coexistence of a high-temperature ferroelectric transition and a lower-
temperature relaxor one was reported to account for the behaviour mentioned 
above. For the second additional process observed in Ref. 13, a phase transition 
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was identified and proved later by differential scanning calorimetry in 
Sr5EuTi3Nb7O30 [14]. The origins of this paraelectric-ferroelectric-relaxor 
sequence, however, are still a matter of debate [15-17]. 
Besides the paraelectric-ferroelectric-relaxor sequences, in Refs. 17 and 18 
two additional dielectric features are reported for the Sr4(La1-xSmx)2Ti4Nb6O30 
[17] and (BaxSr1-x)Nd2Ti4Nb6O30 [18] systems. One of these additional features in 
the dielectric permittivity was attributed to another relaxation process, but 
because of the overlap of processes, this is not easily characterised [17].  
In some of these papers [8-10,13,18], these additional processes and 
parasitic features are better exhibited in the dielectric loss curves. For the TTBs 
Ba9MNb14O45 (M = Co, Zn), a second relaxation process was evident only in the 
dielectric loss curves and was attributed to two different mechanisms of 
structural disorder in the TTB crystal lattice [19]. 
In the case of Sc-In solid solutions studied here, the dielectric loss, ε”, is 
also more sensitive to secondary processes. The dielectric loss curves of these 
compounds, represented as function of temperature and at selected frequencies 
which are relevant for understanding the evolution of additional processes or 
other parasitic features, are shown in Figures 4.20-4.23.  
In all of these solid solution compositions, at least two dielectric 
processes are present: the first (main) one, located at high temperatures, is 
better-defined in the dielectric loss vs. temperature (ε” vs. T) curves and 
presents as the peak maximum; the second is located at lower temperatures, 
and is only visible as a shoulder of the main peak. The two processes are 
overlapped to a significant extent even at low frequencies, and with increasing 
frequency, the overlap becomes more pronounced, forming a single broad peak, 
e.g. Figure 4.20c. In order to understand this effect, an attempt was made to 
deconvolute the different relaxation contributions and their temperature 
dependence.  
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The reconstruction attempt of the dielectric loss peak, corresponding to 
the second dielectric process of Ba6InNb9O30, by visual extrapolation of the 
quasi-linear left-hand side part of the curve (Figure 4.23a) indicates a 
temperature of the peak maximum (in the range: 170-250 K), close to the one of 
the first (main) process. However, this is not an accurate and acceptable 
estimation, therefore it cannot be used further in evaluating the parameters of 
the second dielectric process. Still, it is evident that the dielectric loss maximum 
is much lower for the second process and the peak is much broader. With 
increasing applied frequency, the peak of the second process shifts faster 
towards higher temperatures (indicating a larger activation energy) than the 
first (main) process (Figures 4.22a and 4.23c), its low-temperature side 
eventually totally overlapping eventually with the first one, merging to form 
one single peak (Figures 4.22b and 4.23d). 
Moreover, a third process appears in the dielectric loss curves of 
Ba6Sc0.25In0.75Nb9O30 and Ba6InNb9O30, in the range: 40–100 K. The different 
processes were numbered accordingly to their appearance in the temperature 
scale, from the higher to lower temperatures – see for example Figure 4.22a. 
This additional third process, appearing in the dielectric loss data of 
Ba6Sc0.25In0.75Nb9O30 and Ba6InNb9O30 ceramics (Figures 4.22 and 4.23), may be 
observed also as a subtle hump in the dielectric permittivity curves (Figures 
4.16a and 4.17). Since the dielectric permittivity values are small and do not 
form a well-defined peak, more information on the nature of the process may be 
obtained from the dielectric loss data.  
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Figure 4.20 Dielectric loss of 
Ba6Sc0.75In0.25Nb9O30 as a function of 
temperature at selected frequencies. 
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Figure 4.21 Dielectric loss of Ba6Sc0.5In0.5Nb9O30 as a function of temperature  
at selected frequencies. 
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Figure 4.22 Dielectric loss of Ba6Sc0.25In0.75Nb9O30 as a function of temperature  
at selected frequencies. 
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Figure 4.23 Dielectric loss of Ba6InNb9O30 as a function of temperature at selected frequencies. 
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In order to evaluate the parameters of all three observed processes in all 
Sc-In solid solution compounds, the Arrhenius model was used when fitting the 
dielectric loss data. The Arrhenius equation (eq. 4.2) models the frequency 
dependence of the temperature of maximum dielectric loss peaks, Tm(f); these 
values were extracted from the dielectric loss peak maxima in the {ε” vs. T} 
curves, for each applied frequency, f: 
 m
a
kT
E
eff
−
⋅= 0  
(4.2) 
where f is the frequency of the perturbation (applied ac field frequency, Hz); f0 is 
the fundamental (limiting response) frequency of the dipoles (Hz); Ea is the 
activation energy of local polarisation (J); Tm is the temperature (K) of the 
maximum dielectric loss at frequency f; and k is Boltzmann constant (1.38×10-23 
J·K-1 or 8.617×10-5 eV·K-1). In the following, fits of lnf vs. (1/Tm) were performed in 
order to describe the additional features found in the dielectric loss data of the 
Sc-In solid solutions (section 4.3). 
The development of a singular asymmetric peak due to overlapping 
dielectric processes has consequences for the collection of the temperature of 
the dielectric loss maxima (Tm) values, characteristic for the dominant process; 
the correct estimation of these values especially for the first/main relaxation 
process, is the most important. 
With increasing In content, the two processes are less convoluted, but at 
the same time the contribution of the second process apparently diminishes. 
Only for the intermediate Ba6Sc0.75In0.25Nb9O30 and Ba6Sc0.5In0.5Nb9O30 compounds 
was it possible to estimate Tm values for the second dielectric process, and 
further evaluate the relaxation parameters by making use of the Arrhenius law. 
For the other compounds, the appearance of the second process is either too 
convoluted with the main peak (Ba6ScNb9O30), or is present only as a shoulder 
on the low temperature side of the main peak (Ba6Sc0.25In0.75Nb9O30 and 
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Ba6InNb9O30), and is insufficiently clear to allow for the estimation of its 
maximum.  
For the correct evaluation of the Arrhenius parameters (f0 – the 
fundamental frequency and Ea – the activation energy), the in-depth analysis 
consisting in the evaluation, separation, extrapolation, collection and 
discrimination of the peaks’ maxima from the dielectric loss curves is necessary. 
For each of these compounds, the relevant, the complex or the most interesting 
Arrhenius representations of the frequency dependence of the peak 
temperature, Tm, are shown in Figures 4.24 and 4.25.  
In the case of Ba6Sc0.75In0.25Nb9O30 and Ba6Sc0.5In0.5Nb9O30 samples, the 
Arrhenius representations corresponding to the first (main) process, were 
divided in three distinct frequency domains, corresponding to the: high, mid 
and low frequencies (Figure 4.24). As expected, in the mid frequency range, the 
influence of the second process on the first one is significant – the red circular 
filled points in Figures 4.24a,b. Therefore, those frequency ranges for which the 
secondary processes are greatly influencing the main peak in the dielectric loss 
curves shall be removed from the set of data used for the evaluation of the 
Arrhenius activation parameters. 
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Figure 4.24 Arrhenius plots for frequency dependence of the temperature 
corresponding to the dielectric loss peaks Tm in the case of the first (main) process of 
Ba6Sc0.75In0.25Nb9O30 and Ba6Sc0.5In0.5Nb9O30. 
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For Ba6Sc0.25In0.75Nb9O30 and Ba6InNb9O30 samples, the Arrhenius 
representations corresponding to the first (main) and third relaxation processes 
are presented in Figure 4.25, for the entire frequency domain where it was 
possible to extract Tm values of the peak maxima in the dielectric loss curves. 
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Figure 4.25 Arrhenius plots for frequency dependence of the temperature corresponding to  
the dielectric loss peaks Tm in the case of the first (main) process and to the third process of 
Ba6Sc0.25In0.75Nb9O30 and Ba6InNb9O30. 
 
In all these case, the Arrhenius activation parameters of the relaxation 
processes were calculated only by making use of those frequency ranges that 
are appropriate for obtaining independent values of the secondary processes. 
The results are presented in Table 4.10, together with indication of the 
frequency range that was used for extracting the raw data used further in the 
calculations. 
For the first (main) relaxation process, the activation energy (Ea) and 
fundamental frequency (f0) increase in a small but steady way – Ea from 0.202 eV 
for Ba6ScNb9O30 to 0.600 eV for Ba6Sc0.25In0.75Nb9O30 and f0 from 3.2 × 1011 Hz for 
Ba6ScNb9O30 to 2.3 × 1016 Hz for Ba6Sc0.25In0.75Nb9O30. However, for the 
Ba6InNb9O30 sample, the values of the Arrhenius relaxation parameters are 
smaller than expected for the continuation of the trend (Ea = 0.531 eV and f0 = 3.7 
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× 1014 Hz). The values of the Arrhenius parameters obtained for the Sc and In 
analogues are very close to the ones previously reported in Chapter 3, while the 
values of f0 for the three Sc-In intermediate solid solutions are approximately of 
1016 Hz order of magnitude, much higher than expected for such materials. 
 
Table 4.10 Arrhenius parameters for all three processes identified in the dielectric loss data of 
Ba6ScxIn1-xNb9O30 (x = 1, 0.75, 0.5, 0.25, 0), determined by fitting curves from Figs. 4.24 and 4.25. 
Compound freq. range ln(f0/Hz) f0 (Hz) Ea (eV) r 
Ba6ScNb9O30 
process 1 
e.f.r. 
26.49 ± 0.92 3.20 × 1011 ± 2 0.202 ± 0.012 0.99912 
process 2 
l.f.r. 
very weak 
impossible to 
evaluate f0. 
very weak 
impossible to 
evaluate f0. 
very weak 
impossible to 
evaluate Ea. 
- 
Ba6Sc0.75In0.25Nb9O30 
process 1 
h.f.r. 
37.50 ± 0.34 1.90 × 1016 ± 1 0.480 ± 0.006 0.99879 
process 2 
l.f.r. 
18.47 ± 0.86 1.05 × 108 ± 2 0.195 ± 0.012 0.99581 
Ba6Sc0.50In0.50Nb9O30 
process 1 
h.f.r. 
37.76 ± 0.74 2.4 × 1016 ± 2 0.523 ± 0.001 0.99680 
process 2 
l.f.r. 
26.73 ± 1.06 4.0 × 1011 ± 3 0.338 ± 0.184 0.99413 
Ba6Sc0.25In0.75Nb9O30 
process 1 
e.f.r. 
37.68 ± 0.27 2.3 × 1016 ± 1 0.600 ± 0.005 0.9988 
process 2 
l.f.r. 
very weak 
impossible to 
evaluate f0. 
very weak 
impossible to 
evaluate f0. 
very weak 
impossible to 
evaluate Ea. 
- 
process 3 
m.f.r. & 
h.f.r. 
27.59 ± 0.99 9.6 × 1011 ± 3 0.123 ± 0.008 0.98423 
Ba6InNb9O30 
process 1 
e.f.r. 
33.55 ± 0.09 3.7 × 1014 ± 0 0.531 ± 0.002 0.99980 
process 2 
l.f.r. 
very weak 
impossible to 
evaluate f0. 
very weak 
impossible to 
evaluate f0. 
very weak 
impossible to 
evaluate Ea. 
- 
process 3 
e.f.r. 
26.00 ± 0.32 1.9 × 1011 ± 0 0.101 ± 0.002 0.99535 
e.f.r. – entire frequency range; h.f.r. – high frequency range; l.f.r. – low frequency range 
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For the second process, Tm values were extracted only for the 
Ba6Sc0.75In0.25Nb9O30 and Ba6Sc0.5In0.5Nb9O30 compounds, however with a high 
degree of uncertainty, and the Arrhenius parameters were evaluated. The 
activation energies and fundamental frequencies are lower than those of the 
first process (Ea = 0.195 eV and 0.338 eV, respectively f0 = 1.05 × 108 Hz and 4.0 × 
1011 Hz), suggesting that the only process possible to be investigated (first 
process) in Ba6ScNb9O30 (Ea = 0.202 eV and f0 = 3.20 × 1011 Hz) might correspond 
actually to the second one, which is identified later in the entire Sc-In series. 
Similar anomalies as those corresponding to the third process identified 
at low temperatures for Ba6Sc0.25In0.75Nb9O30 and Ba6InNb9O30 compounds in the 
dielectric loss data, were reported earlier by several groups of authors [20-26]; 
these low-temperature anomalies seem to be universal in the TTB family [20]. 
Xu et al. [21] have associated these anomalies to some phase transitions [25] 
from tetragonal to monoclinic, due to the polarisation rotation from the c-axis 
towards the [110] direction [21]. However, this supposition was contradicted by 
a more recent investigation of Ko et al. [20] that obtained the same shape and 
value of the remanent polarisation along the [100] and [110] axes of SBN61.  The 
freezeout of some dielectric polarisability effects in the perpendicular plane on 
the polar c-axis may be supported by the paper of Bidault et al. [27]. In several 
studied perovskitic systems such as: KTaO3, KTaO3:Nb, SrTiO3, SrTiO3:Ca, 
PbTiO3:La,Cu and BaTiO3:La [27], the origin of this secondary dielectric process 
was attributed to the dielectric relaxation of polarons (quasiparticles composed 
of charge and accompanying polarisation fields) caused by their localisation of 
the residual point defects [20,27]. But this last mechanism shall be discarded for 
the TTB crystals because of the almost monodispersive dielectric function with a 
very large f0 on the order of 16 THz, which does not fit with the extreme 
polydispersivity and f0 on the order of regular lattice relaxation observed by Ko 
et al. [20]. The most likely possibility would be some dynamic response that 
remains active at low temperatures in the ferroelectric TTB phase, where the 
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polarisation is already frozen [20]; this would give rise to an isotropic response 
in the ab plane dominated by thermal activation and insensitive to the domain 
configuration and the cation distribution [20]. Random environments of the 
oxygen octahedra could be the source of activation barrier distribution for the 
concerted rotations of oxygen octahedra [28]. Another possible origin may be 
due to the hopping motion of localised charge carriers at low-temperatures 
which can be driven in an ac field between available sites; the complexity of TTB 
structure may give the distribution of the activation energy between these sites, 
producing a distribution of relaxation times [20].   
The values for the Arrhenius parameters obtained for the low-
temperature dielectric process in our materials are small and close to each other 
(Ea = 0.123 eV for Ba6Sc0.25In0.75Nb9O30 and 0.101 eV for Ba6InNb9O30, respectively 
f0 = 9.6 × 1011 Hz for Ba6Sc0.25In0.75Nb9O30 to 1.9 × 1011 Hz for Ba6InNb9O30), 
matching also those obtained in Ref. 20 for SBN61 TTB systems: Ea = 0.053-0.211 
eV and f0 = 109-1014 Hz. Still, this dielectric anomaly at low-temperatures is not 
completely understood, while the suggestions presented above are regarded as 
tentative and should be investigated in more detail.  
 
4.3.2 Vogel-Fulcher fitting of the multiple processes in the dielectric loss data 
 
Generally, for the modelling of dielectric permittivity data, the Vogel-
Fulcher equation is used. The Vogel-Fulcher equation is an Arrhenius-type 
equation, for which the Arrhenius expression is obtained for TVF = 0 K. On the 
other hand, the dielectric loss is an indicator of the energy dissipated for the 
charge displacement and also describes the resistive characteristics of more 
conductive materials. For the description of the long-range electronic 
conduction, the Arrhenius expression is widely accepted as the best-fit model; 
therefore, the relaxation parameters corresponding to the dielectric loss data are 
usually obtained by making use of the Arrhenius equation. 
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However, there are studies investigating the dielectric relaxation 
processes where the Vogel-Fulcher model was also applied to fit dielectric loss 
data; of those, some recent ones were carried out by Ovchar et al. [19], 
Raengthon & Cann [29] and Masud et al. [30]. Ovchar et al. [19] obtained TVF 
values close to 0 K, indicating Arrhenius behaviour, while the other two groups 
of authors [29,30] obtained TVF values far from absolute zero.  
Masud et al. [30] used the VF model to fit Tm(f) data of La2NiMnO6 
obtained from peaks in loss tangent data, tanδ, and in the imaginary part of the 
electric modulus, M” (The electric modulus is the relaxation of the electric field 
that maintains the electric displacement constant in the material and represents 
actually the real relaxation process [31]). They reported a TVF value of 45 K, but 
by eliminating the lowest frequency data point (which is not well described by 
the fitted curve) from the Vogel-Fulcher representation {lnf vs. Tm} in Figure 7 of 
Ref. 30, TVF could be definitely extrapolated closer to 0 K.  
In order to understand better the results obtained so far, the VF fit was 
applied to the first and third process in the dielectric loss data Tm(f) of 
Ba6InNb9O30 (Figure 4.26). These results were correlated with the results of the 
Arrhenius fit, but also with those of the VF fit of dielectric permittivity.  
In Figure 4.26a, the Vogel-Fulcher representation {lnf vs. Tm}, indicates 
relaxor behaviour for the first and third dielectric loss processes in Ba6InNb9O30. 
For the first relaxation process, the free-fit of the dielectric loss data by 
Vogel-Fulcher expression gives an excellent fit – Figure 4.26b. The fit 
parameters, however, are smaller than those obtained previously by Arrhenius 
modelling (f0 = 4.06 × 1013 Hz vs. 3.7 × 1014 Hz and Ea = 0.436 eV vs. 0.531 eV – see 
Table 4.11). Also, the TVF value obtained here (24 K) is very small compared to 
the value obtained from the VF free-fit of dielectric permittivity (253.06 K), 
while the fundamental frequency and activation energy are much higher (f0 = 
4.06 × 1013 Hz vs. 6.50 × 106 Hz; Ea = 0.436 eV vs. 0.0425 eV – see Table 4.3); it 
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results in no correlation between the VF free-fit of dielectric permittivity data, 
the VF free-fit of dielectric loss data or the Arrhenius fit of dielectric loss data.   
By imposing the fundamental frequency value obtained by Arrhenius 
fitting of the dielectric loss data (f0 = 3.70 × 1014 Hz) to the VF fit of the same 
dielectric loss data (Figure 4.26c), a significant improvement is observed: the 
activation energy increases to 0.530 eV (very close to 0.531 eV) and the freezing 
temperature is 0.34 K, practically 0 K (Table 4.11) suggesting Arrhenius 
behaviour. The inset of Figure 4.26c (and χ2, Table 4.11) indicates that the 
deviation of the imposed fit from the free-fit is minor, and only the last point in 
the {lnf vs. Tm} representation is not well described by the fitted curve.  
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Figure 4.26 Vogel-Fulcher representation (lnf vs. Tm) of the dielectric loss data for the first and 
third processes in Ba6InNb9O30 (a); Vogel-Fulcher fits for the first relaxation process:  
free-fit (b), free-fit vs. restricted fits for fixed f0 = 3.70 × 1014 Hz (c) and f0 = 6.50 × 106 Hz (d). 
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Alternatively if the fundamental frequency is imposed to that 
determined from the VF free-fit of the Tm(f) dielectric permittivity data (f0 = 6.50 
× 106 Hz), the fit is very poor, Figure 4.26d. The resulting values for the 
relaxation parameters of the dielectric loss (Table 4.11) are unrealistic and tend 
to approach the values of the relaxation parameters of the permittivity data, 
obtained previously by VF free-fit (Table 4.3). 
Vogel-Fulcher representations for relaxation process 1 determined from 
both dielectric permittivity and dielectric loss data for the solid solution end 
member compounds Ba6InNb9O30 and Ba6ScNb9O30 are shown in Figure 4.27. It 
is evident that for both compounds, the Tm values determined from permittivity 
and loss data are very different; in each case a maximum difference of ~80 K is 
observed between the data sets at the lowest recorded frequencies. Therefore, 
the question arising is if these two sets of dielectric data contain actually 
information on distinct processes.  
 
Table 4.11 Vogel-Fulcher and goodness-of-fit parameters for the first relaxation process in 
Ba6InNb9O30, determined from fitting the dielectric loss data in Figure 4.26: by free fit, Figure 
4.26b; by imposed f0 = 3.70 × 1014 Hz (value obtained for the Arrhenius fitting of dielectric loss), 
Figure 4.26c; by imposed f0 of 6.50 × 106 Hz (value previously obtained for the Vogel-Fulcher 
fitting of dielectric permittivity – see Figure 4.4c and Table 4.3), Figure 4.26d. 
Compound 
TVF 
(K) 
f0 
 (Hz) 
ln(f0/Hz) 
E 
(eV) 
χ2 
Ba6InNb9O30 24.12 ± 6.2 4.06 × 1013 ± 2 31.34 ± 0.57 0.436 ± 0.023 0.00264 
Ba6InNb9O30 0.34 ± 1.04 3.70 × 1014 imp. * 33.55 imp. * 0.530 ± 0.002 0.00384 
Ba6InNb9O30 177.0 ± 3.8 6.50 × 106 imp. ** 15.69 imp. ** 0.038 ± 0.002 0.70064 
*imposed value of f0 representing the value obtained for the Arrhenius fitting of the dielectric 
loss data. 
**imposed value of f0 representing the value obtained for the VF free-fit of the dielectric 
permittivity data. 
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 Figure 4.27 Vogel-Fulcher representations of the dielectric permittivity and dielectric 
loss data for the first (main) relaxation process in Ba6InNb9O30 (a) and Ba6ScNb9O30 (b). 
 
For the third process, the Tm(f) points from the dielectric loss data are 
rather scattered; this is due to the very low values of the dielectric loss maxima 
and broad relaxation peaks. The Vogel-Fulcher free-fit (Figure 4.28a) gives 
relaxation parameters that are physically impossible: TVF = -66 K (with high 
error of 28.28 K) and f0 = 3.62 × 1016 Hz – Table 4.12.  
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Figure 4.28 Vogel-Fulcher free-fit of Tm(f) extracted from dielectric loss data for  
the third process of Ba6InNb9O30 analogue. 
 
By imposing the fundamental frequency value obtained by Arrhenius 
fitting of the dielectric loss data (f0 = 1.9 × 1011 Hz) to the VF fit of the same 
dielectric loss data (Figure 4.28b), a significant improvement is observed: the 
activation energy decreases to 0.102 eV (practically identical to 0.101 eV) and 
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the freezing temperature is -0.82 K (Table 4.12), indicating again that this 
process is best described by Arrhenius behaviour.  
 
     Table 4.12 Vogel-Fulcher and goodness-of-fit parameters for the third relaxation  
      process in Ba6InNb9O30 (fits to dielectric loss data); free-fit (Figure 4.28a) and  
      imposed f0 of 1.9 × 1011 Hz (Figure 4.28b).  
Compound 
TVF 
(K) 
f0 
 (Hz) 
ln(f0/Hz) 
E 
(eV) 
χ2 
Ba6InNb9O30 -66.01 ± 28.28 3.62 × 1016 ± 2 38.13 ± 5.11 0.340 ± 0.130 0.00319 
Ba6InNb9O30 -0.82 ± 1.76 1.9 × 1011 imp. * 26 imp. * 0.102 ± 0.006 0.00598 
*imposed value of f0 representing the value obtained for Arrhenius fitting  
  of the dielectric loss data. 
 
The fit does not cover some points at low and high frequency, suggesting that in 
the extreme ranges of frequency, the collection of loss data is perhaps affected 
by the overlap of different processes. 
 
4.3.3 Universal dielectric response (UDR) modelling of the multiple dielectric 
processes in the dielectric loss data 
 
 Since in the dielectric permittivity data only the main relaxation is 
evident, it is important to find all other hidden influences; it was shown that the 
dielectric loss data are more sensitive to additional features and may provide 
supplementary information. 
By fitting the temperature of the dielectric loss maxima as a function of 
frequency, Tm(f), to the Arrhenius equation for individual peaks representing 
distinct processes, it was possible to evaluate two of the relaxation parameters, 
namely: the activation energy, Ea, and the fundamental frequency, f0. However, 
the Arrhenius model assumes no dipole freezing. 
The analyses of the temperature corresponding to the dielectric peak 
maxima showed different relaxation behaviour depending on whether 
permittivity or loss data was used, Figure 4.27. 
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As described in Chapter 3, fitting loss data to the UDR (universal 
dielectric response) model [32] is an alternative method that investigates the 
entire dielectric loss peak, this time in the frequency domain (as a function of 
temperature). The dielectric loss peak associated with the dipolar response 
becomes infinitely broad (flat) in the frequency domain at the static freezing 
temperature. The empirical two exponent model of Jonscher [32] was used to fit 
the ε″(f) data (eq. 4.3): 
( ) ( ) npmp ffff −− +∝ 1//
1
"ε     (4.3) 
where f is the ac field frequency (=ω/2pi); fp is the relaxation (peak) frequency; 
and -m and (1-n) are the frequency exponents of ε″(f) below and above fp, 
respectively, with the conditions 0 ≤ m and n ≤ 1.  
In order to evaluate the rate of relaxation, the asymmetry of the dielectric 
loss peak as a function of frequency, ε”(f), is monitored by evaluating the low 
frequency gradient, m, for selected temperatures (i.e. Figure 4.29a). The absolute 
flattening of the dielectric loss peak (when m → 0) occurs at the “dipole freezing 
temperature” [33,34].  
For example, in the case of Ba6InNb9O30, two distinct dielectric peaks co-
exist as it can be depicted from Figure 4.29a and from to the green curve in 
Figure 4.29b. In the lower frequency region, the dielectric loss peak is already 
well formed and the m slope values can be easily calculated. For temperatures 
below 220 K (Figure 4.29b), the first peak moves out of the frequency window 
and it is impossible to obtain even an approximation of m. At higher 
frequencies, the first dielectric peak is overlapping with the second peak; 
therefore, the m slopes corresponding to the second peak cannot be estimated 
since the contribution of the (1-n) slopes of the first one is significant.  
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Figure 4.29 Dielectric loss vs. frequency of Ba6InNb9O30 at selected temperatures:  
T = 240 K (a), T < 240 K (b). 
 
In Figure 4.30, the temperature dependence of the gradient, m, indicates 
generally a steady decrease in more than three distinctive parts for the Sc-In 
solid solutions. As reported in Table 4.10, the third process has a correspondent 
also in the UDR method at very low temperatures – the “freezing temperature” 
for this process may be the extrapolations of m = 0 at ~ 40 K for 
Ba6Sc0.25In0.75Nb9O30 and at ~ 45 K for Ba6InNb9O30 (Figure 4.30a). 
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Figure 4.30 UDR representation of the dielectric loss of Sc-In solid solution samples, as the 
gradient m evolution for ε″(f) at f < fp (a) and detailed figure, excluding the  
very low-temperature (third) process (b). 
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For the higher temperature data, Figure 4.30b, all three slopes of 
Ba6InNb9O30 - Ba6Sc0.5In0.5Nb9O30 compounds, corresponding to the main 
processes (excluding the third one at very low temperatures), extrapolate for m 
= 0 at 128-138 K. However, the estimations are approximate because at low 
temperatures the evaluation of m data is quite poor, sometimes the m values 
even increasing with temperature. In the high temperature domain, the 
extrapolations of m curves give approximately the same value of 180 K for all 
Sc-In compounds. In the range 210-270 K for Ba6Sc0.75In0.25Nb9O30 and 
Ba6Sc0.5In0.5Nb9O30, and in the range 220-240 K for Ba6Sc0.25In0.75Nb9O30 and 
Ba6InNb9O30, the data are somewhat scattered due probably to a parasitic effect 
which is dependent on the processing temperature and which overlaps with the 
main process. 
The main advantage of UDR model is the possibility to obtain the dipole 
freezing temperature by direct linear extrapolation of m vs. T slope to m=0, 
while in the case of Vogel-Fulcher modelling, the extrapolation of lnf vs. T at f=0 
is very sensitive on the experimental dielectric permittivity data at low 
frequencies. However, parasitic processes that greatly affect the Tm values 
corresponding to the main process in the VF representation, may also affect the 
UDR fitting of logε” vs. logf; therefore, m may contain a certain degree of error 
from their true values and the results of the m vs. T extrapolation may not 
always provide a completely accurate solution. 
For of all relaxation processes, the quasi-constant values of “freezing 
temperatures” of dipoles obtained for all Sc-In solid solution compounds may 
suggest a similar temperature barrier of freezing, which is characteristic to this 
group of materials with comparable ionic radius of the B-site dopant species. 
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4.4 Summary of Chapter 4 
 
In this chapter, the structural, morphological and electrical properties of 
the Sc-In solid solutions within the Ba6ScxIn1-xNb9O30 (x = 0 - 1) system were 
investigated. For the electrical behaviour of different regions, high-temperature 
impedance spectroscopy revealed similar results to those of Ga, Sc and In 
analogues; M* and Z* spectra are dominated by a single response (appearance 
of a single Debye-like peak in both M” and Z” with coinciding, characteristic 
fmax), and which was attributed to the bulk response. The subtle asymmetry of 
the Z” peak suggested a minor contribution of the grain boundary response. In 
the dielectric spectroscopy measurements at lower temperature, the 
permittivity and loss curves (and therefore the Tm values) are shifted to higher 
temperatures with increasing the average ionic radius of <Sc,In> on the B-site. 
With increasing the content of In, the peaks also become more asymmetric and 
the curves flatten more at temperatures above Tm, but there is however no 
sustained trend for the magnitudes of their maxima.  
Also, the in-depth analysis of the relaxor behaviour was carried out. The 
step-wise increase of the ionic radius of the M cation on the B-site led to the 
displacement at higher temperature of the VF curves, and as denoted by the 
increased Tm range of the lnf vs. Tm curvature it resulted in an increase in the 
degree of relaxor behaviour. However, the dipole freezing temperature, TVF, 
determined by Vogel-Fulcher model does not simply increases linearly as a 
function of M cation size. Moreover, the extrapolation of VF-like curves results 
in considerably different values than those found in the previous chapter, since 
the acquired dielectric data seem to be very sensitive to preparative conditions. 
The investigation of the dielectric relaxation processes, with respect to the 
reproducibility and validity of the results, has revealed some uncertainties 
produced by using the Vogel-Fulcher equation for fitting the dielectric 
permittivity data: the physical results are severely influenced by sample 
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processing and some sensible restrictions on the fit were required (besides the 
regular “free-fit”, fixed values for TVF and f0 were also set as extreme 
possibilities). These restricted VF fits gave reasonable representation of the data, 
but with deviations at the extreme frequencies. For further restricting the 
frequency domain, missing even one Tm value may induce large variations of 
the fit parameters. As a more general recommendation, when reporting a set of 
relaxation parameters values, the understanding and selection of raw data 
should be done carefully, while the fit should not be carried out blindly only by 
using a simple free-fit, but primarily by choosing and assuming a realistic 
imposed fit if required. 
Due to the unfortunate overlapping with several dielectric processes or 
parasitic features, the VF fit of the dielectric permittivity data provided 
inconsistent results and which deviate significantly from the expected trend. 
The peak maxima of the main process, but also the additional second and the 
third dielectric processes are better evidenced in the dielectric loss curves; 
employing a combination of methodologies for modelling the dielectric loss (i.e., 
the Arrhenius and the Universal Dielectric Response (UDR) models) proved to 
be a more robust and efficient method. For the second process, the characteristic 
Tm values were possible to be estimated only for the Sc-rich compounds, while 
for the other compounds in the series, the peaks are either too convoluted with 
the main relaxation peak in Ba6ScNb9O30 or are present only as shoulders in the 
In-rich compounds and are insufficiently clear to allow estimation of the 
maxima. The third dielectric process only appears in the loss curves of the In-
rich compounds, and always in the range 40–100 K. For the Sc-rich compounds, 
the overlap of dielectric processes becomes more pronounced with increasing 
frequency, eventually forming a single broad peak. The activation energy and 
fundamental frequency determined by Arrhenius fitting for the first relaxation 
increases slightly, but in a steady way with increasing In content. For the 
second process, the Arrhenius parameters are lower than those of the first one; 
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they were evaluated only for the Sc-rich compounds and unfortunately still 
with a high degree of uncertainty. For the third process appearing in the In-rich 
compounds, the Arrhenius parameters values are small and close to each other, 
matching the values obtained for similar dielectric anomalies reported earlier in 
the literature for other TTBs. Proposed origins of this dielectric anomaly at low 
temperatures are several, however, these are tentative and are still not 
completely understood.  
In the effort to understand the results obtained so far for these multiple 
dielectric processes, and encouraged by some recent publications, the Vogel-
Fulcher model was also applied for fitting of the dielectric loss data. For the first 
and the third dielectric processes of Ba6InNb9O30, correlating the results of 
fitting the loss data by VF equation to those of the Arrhenius fit of the loss and 
to those of the VF fit of the permittivity, has revealed that the relaxor behaviour 
is best described by the Arrhenius law. The more complex UDR model had also 
exhibited the three dielectric processes seen earlier in the raw loss data (ε”(f) 
curves); the co-existence of two processes (the first one and the second one) at 
higher temperatures is practically impossible to separate, attempts to 
extrapolate of the slope gradient m to 0 is thus difficult to perform correctly. 
Still, the evolution of the gradient m has a steady decrease with temperature, 
which can be separated into at least three distinct parts for all the Sc-In solid 
solutions. For the three compounds with x = 0, 0.25 and 0.5, the slope 
corresponding to the main process all extrapolate to m = 0 in the range 128-138 
K. These quasi-constant values of the “dipole freezing” temperature for all Sc-In 
solid solution samples advocate for a similar temperature barrier of freezing, 
which may be characteristic to this group of materials with B-site dopant 
species of comparable ionic radii. 
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Chapter 5  
 
Reproducibility in the Analysis of Dielectric Data 
and Relaxor Behaviour 
 
 
 In this chapter, several factors affecting the analysis of dielectric 
relaxation parameters are discussed. These include the conditions of sample 
synthesis, the conditions during data acquisition and also the approach taken 
during data fitting itself, all having significant influence on the obtained results. 
As shown in Chapter 4, the investigation of relaxation behaviour of 
dipolar dielectric ceramics, and generally handling and modelling of dielectric 
data, are not simple tasks. The preparative parameters and conditions seem to 
have great influence upon experimental data, inducing additional coexisting 
dielectric processes which manifest in the numeric denaturation of the main 
relaxation peaks. Therefore, the characteristic dielectric parameters (extracted 
from the raw experimental data) may vary significantly, with extensive 
consequences for relaxation parameters obtained through mathematical fitting. 
The three parameters characterising the dielectric relaxation are: Tf (the static 
freezing temperature of dipoles), f0 (the fundamental frequency representing 
the limiting response frequency of the dipoles) and Ea (the activation energy of 
local polarisation).  
An extensive parametric study for improving the handling, fitting and 
interpretation of dielectric spectroscopy data is conducted in this chapter. 
Additionally, in direct relation to the quality of raw data, the influence of 
experimental processing conditions on these ceramics is investigated. This 
chapter consists of four parts representing: a) the application possibilities of 
Vogel-Fulcher fitting [1,2] to dielectric permittivity data; b) the reproducibility 
of dielectric data for the same synthesis conditions; c) the influence of 
measuring conditions on the dielectric spectroscopy data and relaxor 
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behaviour; d) the effect of thermal processing (sintering and annealing) 
conditions on the reproducibility and quality of dielectric data. 
 
5.1 Application of the Vogel-Fulcher expression to dielectric 
permittivity data 
 
The results so far forecast an uncertain procedure to analyse dielectric 
spectroscopy data to obtain reproducible and accurate values of the parameters 
characterising the relaxation processes. A discussion focused on the dielectric 
permittivity data being sufficiently sensitive for characterising the relaxation is 
necessary. The question arises as to how experimental factors influence the 
suitability of the Vogel-Fulcher (VF) model [1,2]. The VF model describes a 
temperature dependence of a spectrum of relaxation times and probes the 
dynamics and population profile of the dipolar response as a function of 
temperature. 
The VF equation (5.1) is a modified Arrhenius expression, which 
includes an increasing degree of interaction between random local relaxation 
processes, in this case of the dipolar response: 
 ( )VFm
a
TTk
E
0 eff −
−
⋅=  
(5.1) 
where f is the frequency of the perturbation (applied ac field frequency, Hz); f0 is 
the fundamental attempt or limiting response frequency of the dipoles (Hz); Ea 
is the activation energy of local polarization (J); Tm is the temperature (K) of 
maximum dielectric constant at frequency, f; TVF is the characteristic Vogel-
Fulcher temperature (K, often described as the static freezing temperature); and 
k is Boltzmann’s constant (1.381 × 10-23 J·K-1 or or 8.617 × 10-5 eV·K-1).  
In this section, a full investigation on the application of the Vogel-Fulcher 
model to fit dielectric permittivity data is performed, with the focus on its 
mathematical limitations. The study has been carried on two data sets: a) Tm(f) 
values extracted from dielectric permittivity data of Ba6ScNb9O30 reported in 
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Chapter 4 and b) Tm(f) values for the PMN-10PT ceramic, reported by Viehland 
et al. [3]. 
 
5.1.1 Dielectric permittivity data for Ba6ScNb9O30 
 
The plot used in this sub-section is the Vogel-Fulcher (VF) representation 
of the Tm(f) data extracted from the dielectric permittivity data of Ba6ScNb9O30 
ceramic reported previously in Chapter 4. The experimental preparative 
conditions and data acquisition are presented in Chapter 3.  
Since it is difficult to obtain a unique set of results only by relying on the 
VF free-fit (where all three parameters: TVF, f0 and Ea are allowed to vary) of the 
Tm(f) data for Ba6ScNb9O30, an extended investigation of the different ways of 
conducting the evaluation is attempted here by making use of restricted fits. 
The imposed values chosen for the fundamental frequency, f0, were in the 
range: 3.58 × 109 – 2.9 × 1013 Hz (including the fundamental frequency of 1.66 × 
1011 Hz obtained for the free-fit), corresponding to lnf0 values between 22 and 
31. The free-fit is shown in Figure 5.1, while those for the restricted fits are 
shown in Figure 5.2a-d; the results of four restricted fits (lnf0 = 22, 24, 28 and 31) 
are presented in Table 5.1 alongside with the one obtained for the free-fit. 
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Figure 5.1 Vogel-Fulcher free-fit of Tm(f) from dielectric permittivity data  
for Ba6ScNb9O30 ceramic. 
 
For the extreme values of f0 (3.58 × 109 and 2.9 × 1013 Hz – corresponding 
to lnf0 values of 22 and 31) the Vogel-Fulcher equation fits the middle range 
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Tm(f) data adequately, but at high and low experimental frequencies the fit is 
increasingly poor (Figures 5.2a and 5.2d). In the high frequency measuring 
range, this is due to the imposed fundamental frequency that has to be reached, 
restricting the fit curve to go horizontal for Tm → ∞ at lnf0. In the low frequency 
range, this is also a consequence of the imposed fundamental frequency that is 
to be reached, restricting again the fit to go horizontal at lnf0 and thus changing 
the curvature (determined by Ea); the subsequent extrapolation to low 
frequency where TVF is determined when the curve goes vertical (lnf0 → -∞) 
varies significantly.  
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Figure 5.2 Vogel-Fulcher restricted fits of Tm(f) from dielectric permittivity data for 
Ba6ScNb9O30 with imposed fundamental frequency: lnf0 = 31 (a); 28 (b); 24 (c); and 22 (d). 
 
For the intermediate values of f0 (2.64 × 1010 and 1.44 × 1012 Hz – 
corresponding to lnf0 values of 24 and 28) the Vogel-Fulcher equation fits the 
Tm(f) data well (Figures 5.2c and 5.2b), and visually is on a par with free-fit 
(Figure 5.1). They result, however, in a significant change in the obtained 
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parameters (from 164.50 K to 141.39 K for TVF and from 0.0842 eV to 0.1454 eV 
for Ea). 
 
Table 5.1 Vogel-Fulcher and goodness-of-fit parameters for Ba6ScNb9O30, determined by  
fitting the dielectric permittivity data from in Figures 5.1 (free-fit) and 5.2a-d (restricted fits). 
Restriction 
TVF 
(K) 
f0 
(Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
Yes 175.39 ± 0.86 3.58 × 109 22 0.0603 ± 0.0009 0.04825 
Yes 164.50 ± 0.48 2.64 × 1010 24 0.0842 ± 0.0006 0.01071 
None (free-fit) 154.07 ± 1.49 1.66 × 1011 ± 3 25.83 ± 0.26 0.1101 ± 0.0038 0.05558 
Yes 141.39 ± 0.60 1.44 × 1012 28 0.1454 ± 0.0009 0.00951 
Yes 123.32 ± 1.28 2.9 × 1013 31 0.2030 ± 0.0023 0.03026 
 
Generally, we could say that imposing values for the fundamental 
frequency, f0, in the range: 3.58 × 109 – 2.9 × 1013 Hz and by making use of the 
Vogel-Fulcher equation, the Tm(f) curves (with values extracted from the 
dielectric permittivity data) are reasonably well fitted, however with important 
variation of the other two Vogel-Fulcher fit parameters (see Table 5.1); with 
increasing the imposed value for the fundamental frequency (from lnf0 value of 
22 to 31), Ea increases from 0.0603 eV to 0.2030 eV and TVF decreases from 175.39 
K to123.32 K. Vogel-Fulcher curves were generated for the extreme 
fundamental frequency values (from lnf0 = 22 to lnf0 = 31) on the same graphic – 
Figure 5.3, indicating the range of reasonable fitting possibilities range (both 
with χ2 < 5%). 
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Figure 5.3 Vogel-Fulcher curves generated for the extreme fundamental frequency, f0, values  
(for restricted fits of Tm(f) from dielectric permittivity data for Ba6ScNb9O30). 
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This systematic evolution of the Vogel-Fulcher parameters that was 
observed in Table 5.1 has encouraged a further investigation of restricted fits; 
more fitting attempts were carried out by imposing the fundamental frequency, 
f0, in steps of 0.5 for lnf0 in the range 3.58 × 109 – 2.9 × 1013 Hz. The TVF 
parameter decreases with increasing imposed f0, following a linear dependence 
on lnf0, while the activation energy, Ea, follows an exponential dependence on 
lnf0, as expected (Figure 5.4a). 
Similar behaviour was reported by Criado and Morales [4] when 
studying heterogeneous reaction kinetics. They observed that several 
conversion functions – belonging even to different groups of kinetic models, can 
be used to adequately describe the conversion data (obtained from 
thermoanalytical experiments). Each model provided its own set of kinetic 
Arrhenius parameters, interrelated by a linear compensation effect [5]; those 
were named “apparent kinetic parameters”.  
Taking into account the previous observations described above, an 
analogous procedure was followed in our case. Starting from the fundamental 
frequency obtained in the free-fit, the imposed values of the fundamental 
frequency were both increased and decreased by making use of a combination 
of visual fit and goodness-of-fit parameters (χ2 values), until a significant 
mismatch between the fit and the experimental data was observed and limited 
this interval to: 3.58 × 109 – 2.9 × 1013 Hz (Figure 5.3). However, with practically 
insignificant deviations at the extreme frequencies of data collection, the fits 
provide restricted VF parameters of the relaxation process evaluated with only 
small errors and χ2 factors for all attempts; therefore, small standard errors or 
reasonably similar goodness-of-fit parameters cannot unequivocally 
discriminate between potential sets of VF parameters. In other words, it is 
difficult to set a realistic mathematical limit on credible solutions. The relatively 
high error that comes out from the free-fit may be due to the possibility of 
adjusting the VF parameters in a wide domain; this behaviour disappears 
however when one of the VF parameters obtained in the free-fit is imposed, 
reducing therefore the value of the evaluation error.  
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The multitude of potential VF parameters that may fit the experimental 
curves is better reflected in Figure 5.4b, where for step-wise increased 
fundamental frequency values, TVF decreases accordingly with the increase of 
the activation energy. 
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Figure 5.4 a) Systematic evolution of the Vogel-Fulcher parameters with the imposed f0  
(for restricted fits of Tm(f) from the dielectric permittivity data for Ba6ScNb9O30).   
b) Dependence of TVF on Ea, for the wise-step increased f0 values for Ba6ScNb9O30. 
 
Therefore, having no rigorous discrimination criterion, the only 
possibility remaining is to determine one of the three VF parameters by 
employing other experimental method(s) or by theoretical assumptions; since it 
is difficult to design experiments in order to determine TVF and f0 directly, and 
while the other way for determining them by extrapolation (through VF fits) 
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proves to be uncertain, it is only the activation energy that might be obtained in 
a different way than so far attempted. 
From Figure 5.5 it is evident that the VF fit of experimental data over 
such a limited frequency range and subsequent extrapolation of many orders of 
magnitude in order to obtain the dipole freezing temperature and fundamental 
frequency is inherently inaccurate. Also, little deviation of the collected 
experimental Tm(f) values at high frequencies or just small inherent changes in 
the curvature of the experimental data may greatly influence the estimated f0 
value and thus determining modification of the other two interrelated VF 
parameters.  
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Figure 5.5 Vogel-Fulcher free-fit of Tm(f) from dielectric permittivity data for  
Ba6ScNb9O30 ceramic, extrapolated over an impossibly wide frequency range  
to demonstrate determination of lnf0 and TVF. 
 
While extrapolating from the most linear part of the VF representation 
(Tm(f) experimental data), it is not only TVF and f0 that are hard to determine, but 
also Ea (determined by the curvature of the VF plot) which represents the 
degree of relaxor behaviour. The Ea value should be by most accurately 
determined in lower window of measurable frequencies (Figure 5.5). 
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5.1.2 Dielectric permittivity data for a PMN-10PT ceramic (Viehland et al.) 
 
In order to verify and confirm the results obtained in the last subsection 
(5.1.1), the Tm(f) values extracted and reported by Viehland et al. [3] from the 
dielectric permittivity data of PbMg1/3Nb2/3O3 with 10 at % lead titanate (PMN-
10PT) ceramic, were further employed. The solid solution between the classical 
relaxor ferroelectric lead magnesium niobate (PMN) with the first order, 
displacive ferroelectric lead titanate (PT), also exhibits relaxor properties for 
PMN-rich compositions. Viehland et al. investigated the dielectric relaxation of 
PMN-10PT to determine if the data gave evidence for a static freezing 
temperature [3], the modelling of data was performed by analogy to the case of 
spin-glass systems [6-8].  
This seminal work of Viehland et al. [3] is a reference for many 
experimental works [9-26], but also for theoretical ones [9,17,27-37] in the field 
of relaxor dielectrics. Many of the theoretical papers investigate the possible use 
of the Vogel-Fulcher equation in such materials or deal with the physical basis 
of the VF parameters [38]. Systematic studies, however, on the consistency of 
the numeric VF parameters (obtained while modelling the dielectric or 
magnetic relaxation processes) within various classes of materials were not so 
widespread. Recently, the use of the VF model has been employed frequently, 
but many times only in an axiomatic regime; therefore the consistency and the 
viability of the results corresponding to the study of these specific materials, 
might be somehow debatable. Numerous papers report a set of VF parameters 
for just a singular compound, even without mentioning how the fits were 
performed or attempting to correlate the obtained values with the observed 
properties (i.e., [13,26] – and a long list of similar papers). Works also exist that 
go beyond simple reporting of VF fits by investigating and explaining to a 
greater extent the VF relaxation parameters within classes of materials, or 
relating these values to the physical properties, always based on sound 
scientific facts, experimental observations and verified theories [19-22,24,39,41]. 
Kruea-In et al. [21] investigated the relaxor behaviour of (1-x)K0.5Bi0.5TiO3 
– xBiScO3 system and by using the Vogel-Fulcher model they have compared 
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the fit parameters to those obtained by other authors for PbMg1/3Nb2/3O3, 
(Sr,Bi)TiO3, Ba(Ti,Zr)O3 or BaTiO3-BiScO3 based relaxors. The obtained 
parameters are in a narrow range of values, but do not show a clear trend. This 
is also a consequence of the limited range of single-phase solid solutions that 
were possible to be produced and moreover of the parasitic dielectric process 
appearing close to the maximum of the dielectric permittivity peaks [21]. Khelifi 
et al. [20] also applied the VF relation for the relaxor system Na1-xBaxNb1-
x(Sn0.5Ti0.5)xO3 with the specific compositions of x = 0.175, 0.2 and 0.3. They 
observed a systematic increase of the fundamental frequency and of the 
activation energy with x, reflecting a higher barrier between two potential wells 
and also an enlargement of the potential well respectively; therefore, they 
assume different mechanisms of polarization [20]. At the same time, a 
significant decrease of TVF with increasing x is obtained, which is assumed as 
the best extrapolation of the ferroelectric trend of the Na-rich compounds – the 
decrease of Curie temperatures with x is explained by the decrease of the 
maximal correlation length as x increases [20].  
Raengthon and Cann [39] have used the Vogel-Fulcher model in order to 
fit the Tm(f) curves corresponding to the dielectric loss data of a stoichiometric 
and a 2 mol% Ba-deficient compositions based on 0.8BaTiO3-0.2Bi(Zn1/2Ti1/2)O3. 
Surprisingly, they obtained TVF values that are far from 0 K, which would have 
been expected in this case where usually the Arrhenius model applies. Recently, 
Ovchar et al. [19] identified two distinct dielectric processes of the Ba9CoNb14O45 
and Ba9ZnNb14O45 TTB ceramics, present only in the dielectric loss curves and 
which they associate with two different mechanisms of structural disorder in 
the TTB crystal lattice; they have used also the VF model for this set of data and 
found the TVF values – for each process – to be close to 0 K [19]. Therefore, they 
instead favour the Arrhenius model and reported only an activation energy and 
fundamental frequency. 
There are many studies where parasitic processes (often referred to as 
“anomalies”) were also present in the dielectric permittivity curves. These are 
typically attributed to phase transitions [22,40]. In some cases multiple 
overlapping processes occur and their separation is poor; authors such as Zhu et 
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al. [24] attempted to calculate VF parameters (presumably by using a free-fit), 
and discussed the results after assigning certain physical processes to 
incomplete dielectric peaks. Others, such as Torres-Pardo et al. [41] admitted 
that the values of the VF parameters are inadequate for describing the 
investigated processes within these systems.  
However, none of the studies described above have investigated the 
limitations of the VF equation itself or considered possible major influences that 
minor fluctuations in the experimental data may have on the VF parameters. 
There is no evidence for attempts of restraining the fitting possibilities by 
imposing pertinent values of some of the VF parameters. 
Therefore we have decided to investigate this by making use of the 
experimental data of Viehland et al. [3]; the VF free-fit of this set of {lnf vs. Tm} 
data is presented in Figure 5.6. As can be clearly seen in Table 5.2, there are 
small differences between the results of the free-fit performed here and the 
results of the (presumably) free-fit by Viehland et al. [3]; this is probably due to 
differences in mathematical software since Ref. 3 was published. However, the 
values obtained in this study, by comparison to those obtained by Viehland (but 
on the same set of Tm(f) data) are very close. 
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Figure 5.6 Vogel-Fulcher free-fit of Tm(f) from dielectric permittivity data for PMN-10PT. 
 
 The {lnf vs. Tm} set of data plotted in Figure 5.6 were taken exactly as 
reported in a table in Ref. 3; it can be easily seen that this set of data is not the 
best from the point of view of Tm collection, with some random deviation from 
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an ideal trend of a VF curve. As mentioned before, the fluctuation in the high 
and low frequencies ranges of the experimental data affects significantly the VF 
modelling; therefore, the restricted VF fits open a multitude of possibilities for a 
wide range of imposed VF parameters. 
The imposed values chosen for the fundamental frequency, f0, were in 
the range: 3.58 × 109 Hz – 4.3 × 1015 Hz (including the fundamental frequency of 
7.9 × 1011 Hz, obtained for the free-fit), corresponding to lnf0 values between 22 
and 36. The results of two restricted fits (lnf0 = 22 and 36) are presented in Table 
5.2, alongside the one obtained for the free-fit and also with the result of the 
restricted fit when imposing the value of 27.395 to lnf0 (f0 = 7.9 × 1011 Hz) 
previously obtained in the free-fit [3]. The relatively high error that comes out 
from the free-fit compared with those of the restricted fits, may be due to the 
wider domain of VF parameters that may cover the fit; this behaviour 
disappears, however, when one of the VF parameters obtained in the free-fit is 
imposed, reducing therefore the value of the evaluation errors (imposing lnf0 = 
27.395, the error for the Tm decreases from 1.77 K to 0.26 K and the error for Ea 
decreases from 0.0061 eV to 0.0004 eV), but providing the same values for the 
other VF parameters (Tm = 291.98 K and Ea = 0.0392 eV).  
 
Table 5.2 Vogel-Fulcher and goodness-of-fit parameters for PMN-10PT, determined  
from the free-fit and restricted fits of the dielectric permittivity data contained in  
Figures 5.6. Comparison with results in [3]. 
Fit type 
TVF 
(K) 
f0 
(Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
Restricted fit 299.89 ± 0.33 3.58 × 109 22 0.0194 ± 0.0004 0.05214 
Free-fit 
Viehland et al. [3]* 
291.5 1.03 × 1012 27.66 0.0407 - 
Free-fit 291.98 ± 1.77 7.9 × 1011 ± 4 27.395 ± 1.44 0.0393 ± 0.0061 0.01638 
Restricted fit 291.98 ± 0.26 7.9 × 1011 27.395 0.0393 ± 0.0004 0.01489 
Restricted fit 279.88 ± 0.67 4.3 × 1015 36 0.0864 ± 0.0016 0.03843 
  * Viehland et al. report no errors for the free-fit of PMN-10PT data [3].  
 
This systematic evolution of the Vogel-Fulcher parameters that was 
observed in Table 5.2 and also in paragraph 5.1.1 has encouraged a further 
investigation of restricted fits; more fitting attempts were carried out by 
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imposing the fundamental frequency, f0, in steps of 0.5 for lnf0 in the range 3.58 
× 109 Hz – 4.3 × 1015 Hz. The TVF parameter decreases with increasing imposed 
fundamental frequency, following a linear dependence on lnf0, while the 
activation energy, Ea, follows an exponential dependence on lnf0, as expected 
(Figure 5.7). Generally, we could say that imposing values for the fundamental 
frequency, f0, in the range: 3.58 × 109 Hz – 4.3 × 1015 Hz and by making use of 
the Vogel-Fulcher equation, the Tm(f) curves (with values extracted from the 
dielectric permittivity data) are reasonably well fitted, however with important 
variation of the other two Vogel-Fulcher fit parameters (see Table 5.2). With 
increasing the imposed value for the fundamental frequency (from lnf0 value of 
22 to 36), Ea increases from 0.0194 eV to 0.0864 eV and TVF decreases from 299.89 
K to 279.88 K. The corresponding errors for the evaluation of TVF are small, 
decreasing from the maximal value of 0.24% in the case of the highest imposed 
frequency (lnf0=36) to 0.09% in the case of the free-fit and then increasing up to 
0.11% (for lnf0=22). In a similar manner, the corresponding errors for the 
evaluation of Ea are also negligible, up to 2.06% (for lnf0=22), when for the free-
fit it is 1.01%. With practically insignificant deviations at the extreme 
frequencies of data collection, the fits provide restricted VF parameters of the 
relaxation process evaluated with only small errors and χ2 factors for all 
attempts (χ2 = 0.05214 and 0.01489 for lnf0=22 and the free-fit, respectively); 
therefore, the errors and goodness-of-fit cannot be used solely for 
discriminating the correct set of VF parameters or establish a credible limit 
within the mathematical possibilities given the scatter in the Tm(f) data. 
These results confirm those obtained earlier in subsection 5.1.1, when 
extrapolating from a relatively linear part of the VF representation (Tm(f) 
experimental data for Ba6ScNb9O30 ceramic or for PMN-10PT) out of the 
characteristic main curvature part, the determination of the fundamental 
parameters of the relaxation processes is problematic. 
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Figure 5.7 Systematic evolution of the Vogel-Fulcher parameters with the imposed fundamental 
frequency (for restricted fits of Tm(f) from dielectric permittivity data for PMN-10PT). 
 
To the best of our knowledge, this is the first study using restricted fits. 
There is no evidence in the literature of such attempts and all authors 
publishing on the VF modelling of relaxation processes from experimental data 
have used exclusively the free-fit. However, it is not known if some of the 
published studies report fits where one or maybe more than one VF parameters 
were imposed in order to adjust the fundamental relaxation parameters (or at 
least for obtaining a certain desired VF parameter), and improving in this way 
the performances of the studies. Here, it was shown that by using VF model, 
there are unlimited possibilities and ways of obtaining values of the fitting 
parameters; its inadequate use and interpretation of uncertain parameters 
(sometimes regarded as adequate for the relaxation process investigated) may 
only lead to erroneous conclusions. 
 
5.2 Influence of synthesis conditions on the reproducibility of dielectric 
data and relaxor behaviour 
 
Although dielectric data were obtained by high-precision measurements, 
some problems appeared in attempts at characterising the dielectric relaxation 
processes using the Vogel-Fulcher model [1,2]. In section 5.1 it was shown that 
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the use of this model in this case may provide uncertain fundamental 
parameters as a result of the multiple satisfactory fitting possibilities due to 
small variations in the Tm(f) data. Besides this inconvenience, other influences 
such as the preparative conditions may also affect fitting. The need for a more 
systematic reproducibility study has therefore risen. 
In this section, the reproducibility of the dielectric spectroscopy data for 
different Ba6ScNb9O30 ceramic pellets is investigated, within samples prepared 
in the same conditions as: a) a singular batch; or b) different batches. The 
experimental procedures for sample preparation and data acquisition are as 
presented in Chapter 3. 
 
5.2.1 Two pellets of Ba6ScNb9O30 ceramic, prepared as a singular batch 
 
From the Ba6ScNb9O30 powder prepared as a singular batch, several 
good-quality pellets were fabricated. They were placed on platinum foil, in the 
same alumina boat and fired in a tube furnace (static air atmosphere) straight to 
1350 °C, where they were kept 12 hours for sintering. 
These Ba6ScNb9O30 pellets were investigated by dielectric spectroscopy. 
All gave similar dielectric permittivity and dielectric loss curves (shape and 
magnitude). For two of them, the Vogel-Fulcher (VF) plot representing the Tm(f) 
data extracted from the dielectric permittivity maxima, ε’max, are presented for 
comparative purpose in Figure 5.8a (“b” stands for “batch” and “p” stands for 
“pellet”). This representation shows that for all applied frequencies, the 
corresponding points to the two samples are overlapping; therefore, the two 
investigated samples display a similar response and very close VF parameters 
(Table 5.3). 
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Figure 5.8 Analysis of the dielectric data for two pellets of Ba6ScNb9O30 ceramics, prepared  
in the same conditions (at 1350 °C) as a singular batch: VF representation of the  
dielectric permittivity (a) and UDR representation of the dielectric loss (b). 
 
Table 5.3 Vogel-Fulcher and goodness-of-fit parameters for Ba6ScNb9O30 determined from  
the free-fitting of dielectric permittivity data in Figure 5.8a. 
Ba6ScNb9O30 
Sample characteristic 
TVF 
(K) 
f0 
(Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
@ 1350 °C, b1, p1 85.42 ± 7.89 4.48 × 1015 ± 4 36.04 ± 1.42 0.3357 ± 0.0363 0.00474 
@ 1350 °C, b1, p2 90.76 ± 6.98 2.11 × 1015 ± 3 35.29 ± 1.26 0.3152 ± 0.0312 0.00419 
  
The universal dielectric response (UDR) model [42] was also used to fit 
dielectric loss data in order to have a quantitative measure for the 
reproducibility of the dielectric response. As presented in Chapter 3, the UDR 
analysis [42] is an alternative to the VF analysis [1,2] for investigating the 
relaxor properties. It is generally believed that at the static freezing temperature 
the dielectric loss peak associated with the dipolar response should become 
infinitely broad (flat) in the frequency domain. Since the dielectric loss data as a 
function of frequency indicate a high degree of asymmetry, the simple Debye 
model is not suitable. Therefore, the empirical two exponent model of 
Jonscher’s universal dielectric response (UDR) [42] was used to fit the ε″(f) data 
(eq. 5.2): 
 ( ) ( ) npmp ffff −− +∝ 1//
1
"ε  (5.2) 
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where f is the ac field frequency (=ω/2pi); fp is the relaxation (peak) frequency; 
and -m and (1-n) are the frequency exponents of ε″(f) below and above fp, 
respectively, with the conditions 0 ≤ m and n ≤ 1.  This empirical model allows a 
Debye response [43] for m = 1, n = 0, and a DRT response for (m = (1-n)) < 1.  
Thus, by fitting dielectric loss data to equation (5.2) it is possible to 
determine the characteristic fundamental temperature, TUDR, corresponding to 
slowing of the longest mean relaxation time by extrapolation to zero of the 
gradient, m (ε″ ∝ f -m for f < fp). 
 Fits to the UDR model of dielectric loss data at selected temperatures for 
the two Ba6ScNb9O30 pellets – prepared as a singular batch – was performed. 
The temperature dependence of the gradient, m, on the low frequency side of 
the ε″(f) peaks indicates a steady decrease in m with decreasing temperature 
(Figure 5.8b), similar to that observed previously in Chapter 4. The absolute 
flattening of the dielectric loss peak (i.e. m → 0) is predicted to occur at the 
“dipole freezing temperature” [28,44]. Since there is a co-existence of two 
distinctive slopes of m vs. T (Figure 5.8b) corresponding probably to two 
different dielectric processes, the extrapolation of the m data to 0 is difficult; the 
nature of the two relaxation processes will be discussed in more detail in the 
next subchapter (5.4). However, this representation shows that for all 
experimental temperatures, most of the points corresponding to the two 
samples are overlapping; therefore the two investigated samples have 
practically the same dielectric response and are expected to have very similar 
freezing temperatures (Table 5.4).  
 
Table 5.4 Dipole freezing temperature for Ba6ScNb9O30 obtained  
by UDR analysis of the dielectric loss data in Figure 5.8b. 
Ba6ScNb9O30 
Sample characteristic 
TUDR (K) 
l.t.r.* 
TUDR (K) 
h.t.r.* 
@ 1350 °C, b1, p1 122 ± 2 181 ± 2 
@ 1350 °C, b1, p2 118 ± 2 191 ± 2 
    *l.t.r. – low temperature range 
     *h.t.r. – high temperature range 
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5.2.2 Two pellets of Ba6ScNb9O30, prepared in the same conditions,  
but as different batches 
 
Two distinct Ba6ScNb9O30 powder batches were prepared following the 
same procedure and experimental conditions (as presented in Chapter 3). From 
each batch, several good-quality pellets were fabricated by placing them on 
platinum foil in different alumina boats and fired on separate runs in the same 
tube furnace (static air atmosphere) straight to 1350 °C, where they were kept 12 
hours for sintering each time. 
These Ba6ScNb9O30 pellets corresponding to each batch were investigated 
by dielectric spectroscopy; all giving similar dielectric permittivity and 
dielectric loss curves (shape and magnitude) within the same batch. Only little 
differences were noticed in the dielectric curves from samples belonging to 
different batches.  
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Figure 5.9 Analysis of the dielectric data for three pellets of Ba6ScNb9O30 ceramics, prepared  
in the same conditions (at 1350 °C), but as different batches: VF representation of the  
dielectric permittivity (a) and the UDR representation of the dielectric loss (b). 
 
Vogel-Fulcher (VF) plots representing the Tm(f) data extracted from the 
dielectric permittivity maxima, ε’max, of the two pellets belonging to each batch, 
are presented for comparative purpose in Figure 5.9a. The figure indicates that 
for high frequencies, the data are in good agreement, while decreasing the 
applied frequency the data sets diverge. For f = 100 Hz, the difference between 
the Tm values obtained for the different pellets belonging to separate batches is 
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maximal (3 K). This is a consequence of the inherent fluctuations in the 
experimental conditions, but they have an important influence on the 
evaluation of the VF parameters, which change significantly (Table 5.5).  
 
Table 5.5 Vogel-Fulcher and goodness-of-fit parameters for Ba6ScNb9O30 determined from  
the free-fitting of dielectric permittivity data in Figure 5.9a. 
Ba6ScNb9O30 
Sample characteristic 
TVF 
(K) 
f0 
(Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
@ 1350 °C, b1, p1 85.42 ± 7.89 4.48 × 1015 ± 4 36.04 ± 1.42 0.3357 ± 0.0363 0.00474 
@ 1350 °C, b2, p1 107.14 ± 5.30 3.95 × 1014 ± 2 33.61 ± 1.01 0.2621 ± 0.0222 0.00360 
 
Out of the three characteristic parameters of the relaxation process, the 
most interesting and important one, the temperature of dipole freezing (Tf), 
may be determined however by UDR analysis. When performing the UDR 
modelling of dielectric loss data, the temperature dependence of the gradient, 
m, on the low frequency side of the ε″(f) peaks indicates the same steady 
decrease in two distinctive parts of m with decreasing temperature (Figure 
5.9b). This representation shows that for all experimental temperatures, the data 
points corresponding to the two samples correspond reasonably well and 
extrapolation results in fairly similar freezing temperatures, Table 5.6.  
 
Table 5.6 Dipole freezing temperature for Ba6ScNb9O30 obtained  
by UDR analysis of the dielectric loss data in Figure 5.9b. 
Ba6ScNb9O30 
Sample characteristic 
TUDR (K) 
l.t.r.* 
TUDR (K) 
h.t.r.* 
@ 1350 °C, b1, p1 122 ± 2 181 ± 2 
@ 1350 °C, b2, p1 120 ± 2 192 ± 2 
   *l.t.r. – low temperature range 
      *h.t.r. – high temperature range 
 
This result suggests that the UDR analysis is less sensitive on minor 
fluctuations of the experimental conditions, offering a more general, but more 
consistent, description of the relaxation behaviour.  
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5.3 Influence of measuring conditions on the reproducibility of 
dielectric data and relaxor behaviour 
 
Besides the use of VF fit itself and because of some influences introduced 
by preparative conditions, it is likely that the measuring conditions during data 
acquisition may also affect the values of the dielectric spectroscopy data and 
subsequently the fundamental parameters obtained for the relaxation processes. 
In this section, the effect of: a) cooling vs. heating; and b) cooling rate on 
the dielectric spectroscopy data for Ba6ScNb9O30 ceramic (pellet 1 of batch 1) are 
investigated. 
 
5.3.1 The effect of cooling vs. heating 
 
A Ba6ScNb9O30 pellet sintered at 1350 °C (pellet 1, batch 1) was 
investigated by dielectric spectroscopy at cooling and at heating, using the same 
rate of 2 K·min-1; both experiments gave similar dielectric permittivity and 
dielectric loss curves (shape and magnitude). However, the dielectric curves 
obtained on heating are displaced to lower temperatures compared to those 
obtained at cooling. This can simply be explained by thermal lag between the 
sample and thermocouple but has important consequences as described below. 
Vogel-Fulcher (VF) plots representing the Tm(f) data extracted from the 
dielectric permittivity maxima, ε’max, of the experiments carried out at cooling 
and at heating, are presented for comparative purpose in Figure 5.10a. The 
figure indicates that data are not in good agreement, at low frequencies 
diverging the most (7.3 K at f = 316.55 Hz), with significant influence on the 
evaluation of the VF parameters – Table 5.7. The freezing temperatures, Tf, are 
within errors but there is a large difference in f0, which is not expected or 
physically sensible. 
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Figure 5.10 Comparative study of the cooling vs. heating effect on the dielectric data  
for Ba6ScNb9O30 ceramic prepared at 1350 °C; VF representation of the  
dielectric permittivity (a) and the UDR representation of the dielectric loss (b). 
 
Table 5.7 Vogel-Fulcher and goodness-of-fit parameters for Ba6ScNb9O30 determined from the 
free-fitting of dielectric permittivity data in Figure 5.10a. 
Ba6ScNb9O30 
Sample characteristic 
TVF 
(K) 
f0 
(Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
@ 1350 °C, b1, p1 
Cooling @ 2 K/min 
85.42 ± 7.89 4.48 × 1015 ± 4 36.04 ± 1.42 0.3357 ± 0.0363 0.00474 
@ 1350 °C, b1, p1 
Heating @ 2 K/min 
98.92 ± 6.68 6.93 × 1013 ± 2 31.87 ± 1.12 0.2427 ± 0.0253 0.00368 
 
The UDR modelling of dielectric loss data again provides more 
consistent results; for the heating experiment, the temperature dependence of 
the gradient, m, on the low frequency side of the ε″(f) peaks indicates steady 
decrease in two distinctive parts of m with decreasing temperature, which is 
comparable to the one obtained for the cooling experiment (Figure 5.10b).  
 
Table 5.8 Dipole freezing temperature for Ba6ScNb9O30 obtained  
by UDR analysis of the dielectric loss data in Figure 5.10b. 
Ba6ScNb9O30 
Sample characteristic 
TUDR (K) 
l.t.r.* 
TUDR (K) 
h.t.r.* 
@ 1350 °C, b1, p1 
Cooling @ 2 K/min 
122 ± 2 181 ± 2 
@ 1350 °C, b1, p1 
Heating @ 2 K/min 
130 ± 2 195 ± 2 
   *l.t.r. – low temperature range 
   *h.t.r. – high temperature range 
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The minor differences (Table 5.8) might be due to the better temperature 
control of the cooling experiments, since both cooling and heating experiments 
were carried out by making use of a setup basically designed for the cryostat to 
be run during cooling.  
 
5.3.2 The effect of cooling rate 
 
The same Ba6ScNb9O30 pellet sintered at 1350 °C (pellet 1, batch 1) was 
investigated by dielectric spectroscopy at cooling, by making use of three 
different cooling rates of 1, 2 and 20 K·min-1; all experiments gave similar 
dielectric permittivity and dielectric loss curves (shape and magnitude). 
However, the dielectric curves obtained with increasing the cooling rate value 
are displaced to lower temperatures (Figures 5.11 and 5.12). With increasing the 
applied frequency, the same behaviour is observed (i.e., at 1 kHz in Figure 5.11a 
vs. 1 MHz in Figure 5.11b). With decreasing temperature the difference in the 
observed values of dielectric constant and loss data increases with increasing 
the cooling rate (Figures 5.11 and 5.12). This behaviour can again be simply 
explained by increasing thermal lag between the sample and the thermocouple. 
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a) b) 
Figure 5.11 Comparative plot of dielectric permittivity vs. temperature for three cooling rates  
(1, 2 and 20 K/min), at f = 1 kHz (a) and f = 1 MHz (b). 
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Figure 5.12 Comparative plot of dielectric loss vs. temperature for  
three cooling rates (1, 2 and 20 K/min), at f = 1 MHz. 
 
Vogel-Fulcher (VF) plots representing the Tm(f) data extracted from the 
dielectric permittivity maxima, ε’max, of the experiments carried out at cooling 
with different rates (1, 2 and 20 K/min), are presented for comparative purpose 
in Figure 5.13a. The figure indicates that data are not in good agreement, at low 
frequencies diverging the most (7.2 K at f = 316.55 Hz, for the extreme cooling 
rates used of 1 K/min and 20 K/min, respectively), with a large influence on 
the evaluation of the VF parameters – Table 5.9.  
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Figure 5.13 Comparative study of the cooling rate effect (1, 2 and 20 K/min) on the dielectric 
data for Ba6ScNb9O30 ceramic prepared at 1350 °C; VF representation of the  
dielectric permittivity (a) and the UDR representation of the dielectric loss (b). 
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Table 5.9 Vogel-Fulcher and goodness-of-fit parameters for Ba6ScNb9O30 determined from  
the free-fitting of dielectric permittivity data in Figure 5.13a. 
Ba6ScNb9O30 
Sample characteristic 
TVF 
(K) 
f0 
(Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
@ 1350 °C, b1, p1 
Cooling @ 1 K/min 
124.82 ± 3.71 5.79 × 1013 ± 2 31.69 ± 0.65 0.2132 ± 0.0135 0.00423 
@ 1350 °C, b1, p1 
Cooling @ 2 K/min 
85.42 ± 7.89 4.48 × 1015 ± 4 36.04 ± 1.42 0.3357 ± 0.0363 0.00474 
@ 1350 °C, b1, p1 
Cooling @ 20 K/min 
134.44 ± 1.97 5.76 × 1011 ± 1 27.08 ± 0.31 0.1442 ± 0.0056 0.00255 
 
Compared to the VF plots, the UDR plots of dielectric loss data are much 
more consistent. The temperature dependence of the gradient, m, on the low 
frequency side of the ε″(f) peaks indicates the same steady decrease in two 
distinctive parts of m with decreasing temperature, with data for the three 
cooling rates overlapping (Figure 5.13b). Even if the results are near identical, 
however, it is recommended to use lower cooling rates in order to record more 
accurate data at smaller temperature intervals, and at the same time, with less 
noise.  
Table 5.10 Dipole freezing temperature for Ba6ScNb9O30 obtained  
by UDR analysis of the dielectric loss data in Figure 5.13b. 
Ba6ScNb9O30 
Sample characteristic 
TUDR (K) 
l.t.r.* 
TUDR (K) 
h.t.r.* 
@ 1350 °C, b1, p1 
Cooling @ 1 K/min 
117 ± 2 191 ± 2 
@ 1350 °C, b1, p1 
Cooling @ 2 K/min 
122 ± 2 181 ± 2 
@ 1350 °C, b1, p1 
Cooling @ 20 K/min 
120 ± 2 175 ± 2 
      *l.t.r. – low temperature range 
   *h.t.r. – high temperature range 
 
The “m vs. temperature” (UDR) plots are in good agreement for all 
selected cooling rates and may be used with the same success in the UDR 
analysis for obtaining the temperature of dipole freezing (Table 5.10); it remains 
only to identify the possible processes, assign the different slopes of the plot 
and extrapolate the linear trends. The possible origins of the two gradients are 
discussed later in this chapter. 
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5.4 Influence of thermal processing conditions on the reproducibility of 
dielectric data and relaxor behaviour 
 
In the previous sections of this chapter it was shown that the 
reproducibility of sample preparation, the measuring conditions during data 
acquisition and the data selection for VF fitting itself have a dramatic effect on 
the fundamental parameters obtained for the relaxation processes using the VF 
expression. 
In this section, the effect of a) sintering temperature and b) annealing 
temperature on the dielectric spectroscopy data for Ba6ScNb9O30 ceramics are 
investigated. The thermal processing conditions induce secondary dielectric 
processes; their possible origins are discussed subsequently. Such thermal 
processing studies are widespread in the field of functional ceramics for the 
improvement of the microstructure and related physical properties [45,46].  
 
5.4.1 Effect of sintering temperature on the Ba6ScNb9O30 ceramics 
 
Ba6ScNb9O30 ceramic powder was prepared as a single batch, following 
the same procedure and experimental conditions (as presented in Chapter 3). 
From this batch, several good-quality pellets were fabricated by placing them 
on platinum foil in different alumina boats and fired on separate runs in the 
same tube furnace (static air atmosphere) straight to 1250 °C, 1350 °C and 1400 
°C and sintered for 12 hours each time. After sintering, they were cooled with 
the rate of 10 K·min-1 down to 20 °C. All pellets were visually identical (yellow-
white), with no colour gradient on the external surfaces or fracture surfaces. 
One pellet from each batch prepared at different sintering temperatures 
was crushed in order to record room-temperature powder X-ray diffraction 
(PXRD) data to confirm formation of Ba6ScNb9O30 and identify any changes in 
the crystal structure. The PXRD patterns for Ba6ScNb9O30 compounds obtained 
for the extreme sintering temperatures of 1250 °C and 1400 °C completely 
overlap as shown in Figure 5.14; no crystallographic changes were identified 
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and therefore the sintering temperature has no significant influence on the 
composition and structure of the samples.  
 
Figure 5.14 Room-temperature PXRD diffraction data for Ba6ScNb9O30 pellets sintered for  
12h at 1250 °C & 1400 °C. 
 
All pellets had > 90% relative density (ρr) – Table 5.11. These values are 
in good agreement with the observed microstructure of the pellets as 
determined by SEM (Figure 5.15).  
 
Table 5.11 Sintering temperatures and relative densities of Ba6ScNb9O30 pellets  
further used in electrical studies.  
Compound 
Sintering temp.  
(°C) 
Sintering time 
(hours) 
Relative density 
 (%) 
Ba6ScNb9O30 
1250 12 92.35 
1350 12 90.70 
1400 12 91.50 
 
SEM images of the pellet obtained at 1250 °C revealed a compact and 
continuous microstructure composed of not very large grains, most of them are 
round and with diameters ~ 3-5 µm (Figures 5.15a,b). The low sintering 
temperature influences the development of small grains, favouring them to 
arrange in well-bonded lumps of material and form a low-porosity ceramic (ρr = 
92.35%). On the other hand, highly dense microstructure (ρr = 91.50%) is also 
obtained when sintering the pellets at 1400 °C. The high processing 
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temperature, which is close to the melting point of Ba6ScNb9O30, favours the 
formation of big columnar (~ 4-6 µm × 8-12 µm), but unfortunately not very 
well-bonded grains – Figure 5.15e,f. These grains are linked by irregular melt-
like matter, the morphology of the overall ceramic consisting of compact 
material with large, but rare pores.  
 
 
Figure 5.15 SEM images of the fracture surface of a Ba6ScNb9O30 pellet sintered for  
12h at 1250 °C (a,b), 1350 °C (c,d) and 1400 °C (e,f).  
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For the pellets sintered at 1350 °C, the microstructure is much poorer 
compared with the other two ceramics sintered at low and high temperatures 
(1250 °C and 1400 °C). The morphology is irregular, with small-sized and 
almost round particles (distribution of diameters: 2-10 µm) clustered in groups 
of 3-5 grains – Figure 5.15c. These clusters are linked between themselves in a 
neck-like manner, forming an open microstructure with large open channels (ρr 
= 90.70%) – Figure 5.15d.  
The Ba6ScNb9O30 pellets corresponding to each of the three sintered 
temperatures were investigated by dielectric spectroscopy. The related 
dielectric curves – for the extreme sintering temperatures used – are presented 
as function of temperature and frequency in Figures 5.16 and 5.17. The dielectric 
permittivity and dielectric loss curves within the three samples are not 
comparable since their shapes and magnitudes are very different, while with 
increasing the sintering temperature, additional features appear. 
  For the sample sintered at 1250 °C, the dielectric curves (Figure 5.16) are 
very sharp and have the highest values for ε’ and ε” in comparison with those 
recorded for the sample sintered at 1400 °C that are very broad and have the 
lowest values for ε’ and ε”. Moreover, besides a poor morphology of the 
ceramic that was shown previously, the sintering at high temperatures results 
in emphasis of a secondary relaxation process (Figure 5.17). This additional 
relaxation was observed and briefly discussed in Chapter 4. In the case of the 
1400 °C sintered ceramic, two evident relaxation peaks in the dielectric loss and 
a hump in the low-temperature range of the dielectric permittivity curves are 
clearly present – Figure 5.17. For the 1250 °C sintered ceramic, however, the 
additional relaxation is observable in the low-temperatures range only in the 
dielectric loss curves at the lowest frequencies, Figure 5.16b.  
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a) b) 
Figure 5.16 Dielectric permittivity (a) and loss (b) as a function of frequency and temperature  
for Ba6ScNb9O30 pellet sintered for 12h at 1250 °C. 
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a) b) 
Figure 5.17 Dielectric permittivity (a) and loss (b) as a function of frequency and temperature  
for Ba6ScNb9O30 pellet sintered for 12h at 1400 °C. 
 
 For the same chosen frequency of 100 kHz it can easily be seen that the 
dielectric permittivity maximum corresponding to the pellet sintered at 1250 °C 
is almost two times higher than the dielectric permittivity maximum 
corresponding to the 1400 °C pellet, while for 1350 °C it is in between (Figure 
5.18a). The dielectric loss data show a similar trend, the only notable difference 
is the evident increase in contribution from the separation of the additional 
process (Figure 5.18b). 
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Figure 5.18 Comparative dielectric permittivity (a) and loss (b) of Ba6ScNb9O30 pellets sintered 
for 12h at 1250 °C, 1350 °C & 1400 °C as function of temperature, for the freq. of 100 kHz. 
 
The additional process that appears in the dielectric loss curves, Figure 
5.18b, becomes increasingly evident and has larger contribution to the overall 
loss with increasing sintering temperature. For the pellet sintered at 1250 °C, the 
main dielectric process remains the dominant one as a single peak (195 K), 
while the secondary process is present only as a slight asymmetry in the 
dielectric curves at low temperatures. The main relaxation process is 
“perturbed” by the secondary process in the case of the pellet sintered at 1350 
°C, the peaks overlapping to the extant where only a single averaged peak 
develops at 175 K. For the sintering at 1400 °C, the peak of the main process 
becomes smaller and is masked by the appearance of the secondary relaxation 
peak around ~ 190-240 °C and decreases with increasing the sintering 
temperature, Figure 5.18b. The second process has a fully developed peak 
around 155 K and is clearly more evident than for the other two lower sintering 
temperatures (1250 & 1350 °C). These results show that what was believed to be 
the “main peak” in the dielectric loss curves, may actually correspond to a 
mixture of two dielectric processes. 
Even if the peak corresponding to the main relaxation process remains 
the only visible one in the dielectric permittivity curves for all sintering 
temperatures, Figure 5.18a, the Vogel-Fulcher representation of the dielectric 
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permittivity data shows however the real dimension of the influence of the 
secondary dielectric process(es), Figure 5.19a. 
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Figure 5.19 Analysis of the dielectric data for three pellets of Ba6ScNb9O30 ceramics,  
prepared in different sintering conditions (at 1250 °C, 1350 °C and 1400 °C):  
VF representation of the dielectric permittivity (a) and  
UDR representation of the dielectric loss (b). 
 
The largest difference between the temperatures of the dielectric 
permittivity peaks is ~ 10 K, at f = 316.5 Hz (Figure 5.19a). However, this results 
in a dramatic variation in the VF relaxation parameters (Table 5.12). 
Since the secondary process is actually encompassed to varying degrees 
in the whole peak of the dielectric permittivity curves of Ba6ScNb9O30 at all 
three sintering temperatures (Figure 5.18a), none of the VF representations or 
the resulting VF relaxation parameters (Table 4.12) exclusively describe the 
main dielectric relaxation process. The secondary processes do not only shift the 
VF curve, but also change its curvature. This last issue has a severe effect on the 
extrapolation of the Tm(f) data, since regions of low and high frequencies are the 
most important in the evaluation of the relaxation parameters by fitting with 
the VF model.  
Until the influence(s) of secondary processes are eliminated or 
understood, the application of the Vogel-Fulcher model still represents an 
unacceptably large source of errors in the evaluation of the relaxation 
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parameters and in the overall characterisation and understanding of the 
properties of these relaxor materials in general. 
 
Table 5.12 Vogel-Fulcher and goodness-of-fit parameters for Ba6ScNb9O30 determined from the 
free-fits of dielectric permittivity data in Figure 5.19a. 
Ba6ScNb9O30 
Sintering Temp. 
TVF 
(K) 
f0 
(Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
1250 °C 115.31 ± 5.34 3.79 × 10
13
 ± 2 33.57 ± 1.06 0.2500 ± 0.0233 0.00392 
1350 °C 85.42 ± 7.89 4.48 × 10
15
 ± 4 36.04 ± 1.42 0.3357 ± 0.0363 0.00474 
1400 °C 169.89 ± 3.11 1.33 × 10
11
 ± 1 25.62 ± 0.67 0.0925 ± 0.0083 0.00839 
 
 UDR analyses of these three samples have also revealed very different 
behaviour depending on the sintering temperature – Figure 5.19b. For the 
sample sintered at 1350 °C, two main slopes are present in the m vs. T curve, 
while for the sample sintered at 1250 °C, another slope starts separating at 
temperatures above 275 K. Increasing the sintering temperature to 1400 °C leads 
to a flattening of the slope representing the first process; the slope at low 
temperatures merges with the one at high temperatures, their extrapolation 
providing a smaller TUDR for both processes than in the other cases. A more 
detailed investigation of the effects of sample thermal history and the 
separation of the dielectric relaxation processes, along with discussing the UDR 
results related to these issues are presented in the following section. 
 
5.4.2 Effect of annealing on previously sintered Ba6ScNb9O30 ceramics 
 
In order to eliminate (or at least separate) the additional processes that 
appear in relaxor ceramics – such as these studied in this work, an annealing 
study of the Ba6ScNb9O30 pellets, previously sintered at different temperatures 
(12 h at 1250 °C, 1350 °C and 1400 °C, respectively), was attempted. The 
previously sintered Ba6ScNb9O30 pellets were placed on platinum foil inside the 
same alumina boat, and fired in a tube furnace straight to 1250 °C (static air 
atmosphere), where they were annealed for 6 hours. After annealing, they were 
cooled with the rate of 10 K·min-1 down to 20 °C. All pellets preserved the same 
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appearance: white, with no colour gradient on the external surfaces or on the 
fracture surfaces. 
All annealed pellets were crushed in order to record the room-
temperature powder X-ray diffraction (PXRD) data, identify the formation of 
Ba6ScNb9O30 compound and confirm the crystal structure. The PXRD patterns 
of the Ba6ScNb9O30 crushed pellets that were firstly sintered at 1350 °C and at 
1400 °C are totally overlapping with the PXRD pattern of the pellet only 
sintered at 1250 °C; they are presented comparatively in Figure 5.20. No 
crystallographic changes were identified, therefore, no influence of the 
annealing temperature on the chemical composition and structure is evident.  
After annealing at 1250 °C, the relative densities (ρr) have increased by 
3% for the pellet firstly sintered at 1350 °C and ~ 1-1.5% for the other two pellets 
firstly sintered at 1250 °C or at 1400 °C – Table 5.13. The highest relative density 
was obtained for the pellet firstly sintered at 1250 °C and annealed also at 1250 
°C (ρr = 93.55%). As well, all these values are in good agreement with the 
observed microstructure of the pellets – Figures 5.21-5.23, which was 
investigated by scanning electron microscopy (SEM).  
 
 
Figure 5.20 Room-temperature PXRD for Ba6ScNb9O30 pellets sintered for 12h at  
1350 °C and 1400 °C, both further annealed for 6h at 1250 °C,  
in comparison with the pellet only sintered at 1250 °C. 
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Table 5.13 Sintering temperatures, annealing temperatures and relative densities  
of Ba6ScNb9O30 pellets further used in electrical studies. 
Compound 
Sintering  
temp.  
(°C) 
Sintering 
 time 
(hours) 
Relative  
density  
(%) 
Annealing 
 temp. 
 (°C) 
Annealing 
time 
(hours) 
Relative 
density 
(%) 
Ba6ScNb9O30 
1250 12 92.35 
1250 
6 93.25 
1350 12 90.70 6 93.55 
1400 12 91.50 6 92.50 
 
For the pellet sintered at 1250 °C and annealed at 1250 °C, a highly 
compact microstructure was obtained (Figure 5.21); the small grains of 2-3 µm × 
6-8 µm (Figure 5.21b), mostly all of them fused (Figure 5.21a), form a very good, 
dense ceramic (Figure 5.21c,d). 
 
 
Figure 5.21 SEM images of the fracture surface of a Ba6ScNb9O30 pellet sintered for 12h at  
1250 °C and further annealed for 6h at 1250 °C.  
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 The SEM images of the Ba6ScNb9O30 pellet firstly sintered at 1350 °C and 
further annealed at 1250 °C (Figure 5.22) have revealed a very dense ceramic, 
similar to the one observed previously in Figure 5.21. The grains have a melt-
like appearance and are very well fused, creating a uniform and continuous 
morphology with practically no pores observed. The annealing experiment at 
1250 °C has proved to be efficient, by significantly improving the 
microstructure of the pellet firstly sintered at 1350 °C.  
 
 
Figure 5.22 SEM images of the fracture surface of a Ba6ScNb9O30 pellet sintered for 12h at  
1350 °C and further annealed for 6h at 1250 °C.  
 
The annealing study on the pellet firstly sintered at 1400 °C has also 
increased slightly the density of the pellet by improving the bonding of grains, 
and by reducing the number and dimension of pores – Figure 5.23. The grains 
remained columnar and did not merge into a continuous material (Figure 
Chapter 5 – Reproducibility in the Analysis of Dielectric Data and Relaxor Behaviour 
 - 216 -
5.23a); also, large disruptions in the material were formed (Figure 5.23c) and a 
considerable distribution of pores across the pellet was observed (Figure 5.23d). 
 
 
Figure 5.23 SEM images of the fracture surface of a Ba6ScNb9O30 pellet sintered for 12h at  
1400 °C and further annealed for 6h at 1250 °C.  
 
Generally, the observed improvement of the microstructure by annealing 
the pellets at 1250 °C led also to an effective enhancement of the dielectric 
spectroscopy data (Figures 5.24-5.26). The annealing at 1250 °C has produced a 
uniformity of the dielectric spectroscopy curves (peak shape and magnitude of 
ε’ and ε”) for the samples previously sintered at 1250 °C and at 1350 °C. The 
annealing of the pellet sintered firstly at 1400 °C has reduced the contribution of 
the secondary dielectric processes, although generally, the dielectric curves 
resemble those of the initial pellet. 
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a) b) 
Figure 5.24 Dielectric constant (a) and loss (b) as a function of frequency and temperature 
for the Ba6ScNb9O30 pellet sintered for 12h at 1250 °C, 
and further annealed for 6h at 1250 °C. 
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a) b) 
Figure 5.25 Dielectric constant (a) and loss (b) as a function of frequency and temperature  
for the Ba6ScNb9O30 pellet sintered for 12h at 1350 °C, 
and further annealed for 6h at 1250 °C. 
 
The dielectric permittivity peaks are sharper and have increased their 
magnitude (Figures 5.24a-5.26a), while the secondary process, observed before 
as a shoulder on the peak in the dielectric permittivity data of the pellet sintered 
only at 1400 °C (Figure 5.17a), is now diminished after annealing at 1250 °C 
(Figure 5.26a).  
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a) b) 
Figure 5.26 Dielectric constant (a) and loss (b) as a function of frequency and temperature  
for the Ba6ScNb9O30 pellet sintered for 12h at 1400 °C, 
and further annealed for 6h at 1250 °C. 
 
In order to have a better picture of the influence of annealing 
temperature on the dielectric properties of the Ba6ScNb9O30 ceramics, the 
dielectric permittivity curves at the selected frequency of 100 kHz were plotted 
on the same graphic for all three annealed pellets at 1250 °C, and for the three 
initial sintered pellets at 1250 °C, 1350 °C and 1400 °C respectively (Figure 
5.27a).  
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Figure 5.27 Dielectric permittivity (a) and normalized dielectric permittivity (b) of Ba6ScNb9O30 
pellets sintered for 12h at 1250, 1350 and 1400 °C, and those further annealed for 6h at 1250 °C, 
as a function of temperature, for the selected frequency of 100 kHz. 
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The effect of annealing temperature is evident: after annealing at 1250 °C, 
the sample previously sintered at 1350 °C has a significantly increased dielectric 
permittivity maximum (from ~800 to ~1210), while the sample previously 
sintered at 1400 °C increases its dielectric permittivity maximum from ~ 600 to 
~ 830. Also, the sample previously sintered at 1250 °C, after annealing at 1250 
°C, increases its dielectric permittivity by approximately 230 (frequency = 100 
kHz – Figure 5.27a). After annealing at 1250 °C, the samples previously sintered 
at 1250 °C and 1350 °C have the same dielectric permittivity, ε’max, around 1210-
1230, which is practically double that of the pellet only sintered at 1400 °C (ε’max 
= 600). This result is consistent with the SEM observations that ceramics 
sintered at different temperatures (1250-1400 °C) became somehow similar after 
annealing (at 1250 °C); this is also an indication that ε’ ≈ 1230 (at f = 100 kHz) 
might be a maximal value of the dielectric permittivity for Ba6ScNb9O30 
ceramics that can be reached, if the ceramics are properly thermally processed. 
From the normalization of dielectric permittivity curves at 100 kHz, 
Figure 5.27b, it is evident that high processing temperatures (1350 °C and 1400 
°C) give the broadest peaks. Moreover, for the sample sintered at the highest 
temperature (1400 °C), even the annealing at 1250 °C has still a reduced effect 
on the shape of the peak if compared to the one corresponding to the sample 
sintered at 1250 °C only. By annealing at 1250 °C the samples previously 
sintered at 1250 and 1350 °C the permittivity peaks become much sharper than 
those mentioned previously, and improve slightly than for the pellet sintered at 
1250 °C only.  
As previously shown in SEM images (Figure 5.15), the microstructures of 
the pellets sintered at 1250, 1350 and 1400 °C are very different; the dielectric 
permittivity peak maxima are quite close to each other at high frequencies for 
these samples, while with decreasing the frequency the Tm values scatter over a 
wider temperature range (see VF plot in Figure 5.19a). This is because of the 
secondary dielectric process that appears and manifests predominantly at lower 
frequencies (i.e. for the sample prepared at 1400 °C – Figure 5.17a). In Table 
5.14, the temperatures of the dielectric peak maxima (Tm) for Ba6ScNb9O30 
pellets sintered for 12h at 1250 °C, 1350 °C and 1400 °C, are presented for the 
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selected frequency of 100 kHz; they are very close, ranging between 237.5 and 
240.5 K.  
 
Table 5.14 Temperatures of the dielectric peak maxima (Tm) for Ba6ScNb9O30 pellets 
sintered for 12h at 1250 °C, 1350 °C, 1400 °C, and of those further annealed for 6h at  
1250 °C, for the selected frequency of 100 kHz. 
Compound 
Sintering temp. 
(°C) 
Tm @ 100 kHz 
(K) 
Annealing temp. 
 (°C) 
Tm @ 100 kHz 
(K) 
Ba6ScNb9O30 
1250 240.5 
1250 
232.0 
1350 237.5 236.0 
1400 240.0 244.0 
 
After annealing for 6h at 1250 °C the three samples previously sintered at 
different temperatures, their corresponding Tm values at 100 kHz shift in direct 
relation to the position of the secondary process (Figure 5.27b and Table 5.14). 
For the pellet sintered at 1350 °C, the annealing at 1250 °C only has increased 
the dielectric permittivity, but did not shift the curves; for the pellets sintered at 
1250 °C or at 1400 °C, the dielectric curves after annealing at 1250 °C have 
shifted 8.5 K to lower temperature (to 232 K), and by 4 K to higher temperature 
(to 244 K), respectively. These behaviour at f = 100 kHz is also reflected in the 
Vogel-Fulcher representation of the Tm(f) data, this time to a greater extent 
especially when decreasing the frequency, Figure 5.28. 
Even if there is 8.5 K difference between the Tm values at 100 Hz and 
higher differences at lower frequencies (i.e. 10 K at the lowest frequency where 
ε’max was measurable) – Figure 5.28, the results of the VF fit give only a maximal 
5 K difference between the TVF values of the sample sintered at 1250 °C and the 
same sample annealed at 1250 °C (Table 5.15). For the 1400 °C sintered and for 
the 1400 °C sintered + 1250 °C annealed samples, the position and curvature of 
the VF plots (lnf vs. Tm curves) indicate totally divergent VF parameters (i.e. TVF 
= 169.9 vs. 127.5 or lnf = 25.62 vs. 32.08), which are a result of the strongly 
dependence on the position and magnitude of the secondary dielectric process. 
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After annealing the 1400 °C sample at 1250 °C, the VF plot changes curvature to 
align in an parallel manner to the VF plots corresponding to the other four 
samples. In the case of the 1350 °C sintered and respectively the 1350 °C 
sintered + 1250 °C annealed samples, although the VF plots are overlapping, 
surprisingly the VF parameters are very different (i.e. Tm = 85.42 vs. 122.46 or lnf 
= 36.04 vs. 29.87) – Table 5.14; this reveals once again the problems that the VF 
model has when applied for the fitting of dielectric spectroscopy data.  
Although the influence of the microstructure can be eliminated by 
improved thermal processing of the material (i.e. annealing), the influence of the 
secondary processes were not totally eliminated; in the Vogel-Fulcher 
representation, the annealed samples do not affect the Tm(f) data in such way to 
form just a single overlapping curve (Figure 5.28).   
For all samples, the apparent dielectric relaxation behaviour is strongly 
dependent on the position and magnitude of the secondary dielectric process; 
therefore, it is very likely that the time constant of the secondary dielectric 
process is variable, while its partial elimination may be just a side effect due to 
the decrease of defects within the microstructure (porosity). 
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Figure 5.28 Vogel-Fulcher representation of Tm(f) extracted from dielectric permittivity of 
Ba6ScNb9O30 pellets sintered for 12h at 1250 °C, 1350 °C, 1400 °C,  
and of those further annealed for 6h at 1250 °C. 
 
 
 
 
Chapter 5 – Reproducibility in the Analysis of Dielectric Data and Relaxor Behaviour 
 - 222 -
Table 5.15 Vogel-Fulcher and goodness-of-fit parameters for Ba6ScNb9O30 pellets sintered for 
12h at 1250-1400 °C and further annealed at 1250 °C; all parameters were determined from the 
free-fits of dielectric permittivity data in Figure 5.29. 
Ba6ScNb9O30 
Thermal history 
TVF 
(K) 
f0 
(Hz) 
ln(f0/Hz) 
Ea 
(eV) 
χ2 
1250 °C 115.31 ± 5.34 3.79 × 10
13
 ± 2 33.57 ± 1.06 0.2500 ± 0.0233 0.00392 
1250 °C + 1250 °C 111.00 ± 5.62 2.60 × 10
13
 ± 2 30.89 ± 1.03 0.2140 ± 0.0210 0.00564 
1350 °C 85.42 ± 7.89 4.48 × 10
15
 ± 4 36.04 ± 1.42 0.3357 ± 0.0363 0.00474 
1350 °C + 1250 °C 122.46 ± 4.13 8.56 × 10
12
 ± 2 29.87 ± 0.73 0.1909 ± 0.0142 0.00232 
1400 °C 169.89 ± 3.11 1.33 × 10
11
 ± 1 25.62 ± 0.67 0.0925 ± 0.0083 0.00839 
1400 °C + 1250 °C 127.50 ± 7.66 8.55 × 10
13
 ± 4 32.08 ± 1.40 0.2180 ± 0.0285 0.00322 
 
In the dielectric loss curves at 100 kHz (Figure 5.29), the influence of the 
second dielectric process may be regarded relative to the main relaxation 
process for each of the six investigated pellets. For the pellet sintered firstly at 
1350 °C and annealed at 1250 °C, the peak is no longer dominated by the second 
process, but now the main process. For both pellets sintered firstly at 1250 °C 
and at 1350 °C, annealing them at 1250 °C led to a significant increase of the 
dielectric loss and results in more symmetrical peaks corresponding to the main 
(first) relaxation process. In the case of the pellet sintered at 1400 °C, the 
annealing experiment produces a broad peak due to significant overlap of the 
two dielectric processes. 
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Figure 5.29 Dielectric loss of Ba6ScNb9O30 pellets sintered for 12h at 1250 °C, 1350 °C, 1400 °C,  
and of those further annealed for 6h at 1250 °C, as a function of temperature,  
for the selected frequency of 100 kHz. 
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In summary, the dielectric permittivity data are dominated by the main 
relaxation in all samples. In contrast the dielectric loss data are more sensitive to 
additional features and may provide supplementary information (i.e. Figure 
5.29) about the nature of the second relaxation process. 
As stated above, the annealing study has targeted two main effects: the 
improvement of the microstructure for the enhancement of the dielectric data, 
and the elimination or deconvolution of the secondary processes. While the first 
one was achieved and demonstrated, the elimination of the secondary processes 
has proved to be not a simple task. By using the UDR (universal dielectric 
response) method it might be possible to separate the secondary processes from 
the main relaxation, if not even to eliminate them completely. This alternative 
method investigates the entire dielectric loss peaks, as a function of frequency, f, 
for different experimental temperatures. As discussed previously, the dielectric 
loss peak associated with the dipolar response becomes infinitely broad (flat) in 
the frequency domain at the static freezing temperature. From the logarithmic 
representation of ε” vs. f, the gradients of the left-hand side of the peak, m, at 
low frequencies, are obtained where possible for different temperature. In some 
cases, it was observed that for the same temperature, more than one gradient 
could be obtained from logε” vs. logf representation – Figure 5.30. The gradients 
m1 and m2 correspond to the two distinct dielectric processes (1st and 2nd 
processes) that coexist and which were observed earlier. As a result of the 
separation of the two processes, the evaluation of two m values becomes 
possible in a certain range of temperatures – Figure 5.31. This region of overlap 
a region of overlap exists in the temperature range 230-260 K and extrapolation 
of m→0, for the linear parts of each process, indicate TUDR1 = 220 K and TUDR2 = 
170 K. 
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Figure 5.30 Dielectric loss vs. frequency in the logarithmic representation, at selected 
temperatures in the range 244 - 260 K, for the Ba6ScNb9O30 pellet sintered at 1250 °C,  
and annealed further at 1250 °C. 
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Figure 5.31 UDR representation of the dielectric loss of Ba6ScNb9O30 pellet sintered at 1250 °C 
and annealed further at 1250 °C, as the gradients m1 (1st process) and m2 (2nd process)  
evolution for ε″(f) at f < fp. 
 
 Comparison of the UDR representation of the dielectric loss data of the 
Ba6ScNb9O30 pellet sintered at 1250 °C and annealed at 1250 °C (blue curves) 
with the pellets sintered at 1250 °C only (black curve) and also at 1350 °C only 
(red curve), Figure 5.32a, gives a better understanding of some of the features 
previously observed in the curves representing the pellets that were only 
sintered. In the data from the pellet sintered at 1350 °C only (red curve), a 
shoulder appears around 250 K and for the pellet sintered at 1250 °C only (black 
curve) the beginning of the separation of the two dielectric processes is 
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observed at around 270 K. With decreasing sintering temperature and by 
introducing the annealing at low temperatures (in the case of the pellet sintered 
at 1250 °C, the further annealing temperature of 1250 °C may be regarded as 
increasing the sintering time), the processes are allowed to separate totally – 
Figures 5.32a,b. The annealing at 1250 °C of both samples previously sintered at 
1250 °C and 1350 °C provides similar results, however there is a (small) 
maximum difference of 10 K between the m1 values, but only in the region of 
overlap – Figure 5.32b.  
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Figure 5.32 UDR representation of the dielectric loss of Ba6ScNb9O30 pellet sintered at 1250 °C 
and annealed at 1250 °C, in comparison with the pellets sintered at 1250 °C only and  
at 1350 °C only (a), and with the pellet sintered at 1350 °C and annealed at 1250 °C (b). 
 
For the sample sintered at 1350 °C only and the sample sintered at 1350  
and annealed at 1250 °C, although their corresponding VF representations of 
the dielectric permittivity data overlap (Figure 5.28), the UDR analysis of the 
dielectric loss data provides more insight on the additional dielectric processes 
by allowing their separation (Figure 5.32a,b). 
The most important change after annealing at 1250 °C in the UDR 
analysis is the “recovery” of the m vs. T plot corresponding to the pellet sintered 
firstly at 1400 °C, with its appearance resembling those of the other four 
samples – Figure 5.33. Only in the temperature range 140-230 K do the two 
curves of the annealed and un-annealed pellets have the same appearance, but 
shifted to slightly lower values of m for the case of the annealed pellet. In the 
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temperature range 240-290 K, the second process starts separating, but the 
points of the m vs. T representation are quite scattered – Figure 5.33.  
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Figure 5.33 UDR representation of the dielectric loss of Ba6ScNb9O30 pellet sintered at  
1400 °C and annealed at 1250 °C, in comparison with the pellet sintered at 1400 °C only. 
 
The new UDR curve, obtained after annealing the sample previously 
sintered at 1400 °C, resembles much more the plots of the samples sintered at 
1250 °C and 1350 °C only, Figure 5.34a, than the plot of the initial sintering at 
1400 °C – Figure 5.33. Moreover, for the low and high temperatures regions, the 
m-plot for the pellet sintered at 1400 °C and annealed at 1250 °C practically 
matches the one for the pellet sintered at 1250 °C only (Figure 5.34a). From 
Figure 5.34b it is evident that for the overlapping region the m-plot has 
improved the separation of dielectric processes; however, in order to allow a 
total separation of the dielectric processes (as in the case of the pellet sintered at 
1250 °C and annealed at 1250 °C), additional annealing of the pellet firstly 
sintered at 1400 °C is required. 
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a) b) 
Figure 5.34 UDR representation of the dielectric loss of Ba6ScNb9O30 pellet sintered at 1400 °C 
and annealed at 1250 °C, in comparison with the pellets sintered at 1250 °C only and  
at 1350 °C only (a), and with the pellet sintered at 1250 °C and annealed at 1250 °C (b). 
 
A very interesting comparison can be made between the UDR analysis of 
the Ba6ScNb9O30 pellet sintered at 1400 °C, and the UDR analysis of the 
Ba6InNb9O30 pellet sintered at 1350 °C – Figure 5.35. The m vs. T curves of both 
samples have the same shape and describe a similar trend although displaced in 
temperature and so provide slightly different TUDR values (Figure 5.35). The 
question now arising is whether the process for which the UDR analysis was 
performed in the case of Ba6InNb9O30 is actually the secondary dielectric 
process that may be identified only in the dielectric loss data and corresponds 
to the secondary dielectric process observed in Ba6ScNb9O30 samples prepared 
at temperatures below 1400 °C (or annealed at 1250 °C). In the case of 
Ba6InNb9O30, the UDR analysis was performed by extracting the m values at 
temperatures above 225 K (Figure 5.35). The ε″(f) data above 225 K used for the 
UDR analysis, corresponds actually to the ε″(T) set of data at frequencies higher 
than 464 Hz and limited by the line in Figure 5.36. It is evident that this line 
separates single peaks at high temperatures, which are not influenced at all by 
secondary processes (but which are present in the lower temperature region 
120-220 K). 
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Figure 5.35 UDR representation of Ba6InNb9O30 pellet sintered at 1350 °C, in 
comparison with the UDR representation of the dielectric loss of  
Ba6ScNb9O30 pellet sintered at 1400 °C. 
 
100 125 150 175 200 225 250 275 300 325 350
0
10
20
30
40
50
60
Temperature (K)
D
ie
le
ct
ric
 
lo
ss
, 
εε εε '
'
Ba6InNb9O30
 464.16 Hz
 2.154  kHz
 4.641  kHz
 14.68  kHz
 46.41  kHz
 146.80 kHz
 
Figure 5.36 Dielectric loss of Ba6InNb9O30 (sintered at 1350 °C) 
 as a function of temperature, for selected relevant frequencies. 
 
As discussed in Chapter 4, the main dielectric loss peaks may not always 
correspond to the dielectric permittivity peaks that represent the first (main) 
process. Maybe, in the case of the Ba6InNb9O30 pellet sintered at 1350 °C (Figure 
5.36), the dielectric permittivity peaks of the main dielectric process have a 
corresponding process evident as secondary features (shoulders or partial 
peaks) observed at lower temperatures in the left-side of the dielectric loss 
curves. Since both Ba6InNb9O30 and Ba6ScNb9O30 pellets were sintered at the 
highest temperatures possible (1350 °C and 1400 °C, respectively) just below 
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their melting points, it is not surprising that their microstructural properties 
(Figures 3.5a-d, and Figures 5.15e,f), and their UDR behaviour as a result of the 
observed mixing of responses (Figure 5.35), are similar.  
The UDR analysis reveals the significant influences that the processing 
conditions have on the dielectric properties of these materials. A deeper 
investigation of the characteristics of the dielectric relaxation processes in TTB 
ceramics cannot be performed, however, until the results of the UDR analysis 
are correlated with the multiple dielectric processes.  
 
5.4.3 Possible origins of the change in dielectric response with the thermal 
synthesis conditions 
 
As presented in this chapter, during the preparation of ceramic materials 
with tetragonal tungsten bronze structure (i.e. Ba6ScNb9O30 pellets) at various 
temperatures (1250-1400 °C), besides the main dielectric relaxation, some 
secondary dielectric processes have also appeared. High temperatures for 
sintering the ceramic pellets have produced denaturation of both dielectric 
permittivity and dielectric loss curves: even at the lowest sintering temperature 
(1250 °C), these secondary dielectric processes are present in the dielectric 
curves, while at the highest sintering temperature (1400 °C) they have a 
significant influence over the main dielectric relaxation process. Although 
encompassed in the dielectric permittivity data, these secondary dielectric 
processes are not separated from the main dielectric relaxation process. Because 
in the dielectric permittivity data only one relaxation is evident, all other 
possible hidden influences have to be somehow revealed; it was shown that the 
dielectric loss data are more sensitive to additional features and may provide 
supplementary information than the dielectric permittivity data. The VF and 
UDR analyses of the three samples sintered at 1250, 1350 and 1400 °C failed to 
separate these secondary dielectric processes from the main dielectric relaxation 
process, with only changing the shape, curvature, and respectively the slope of 
the curves.  
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The possible origins of the change in dielectric response with the 
synthesis conditions (sintering at 1250, 1350 and 1400 °C) may be due to two 
reasons: a) formation of defects in the crystallographic structure or b) the 
preferential occupancy of the B-site with Sc3+ and Nb5+ cations (where B1 sites 
contribute more to the dipolar activity). In the first case, we assume that 
intrinsic point defects in the crystallographic structure may appear (i.e. Schottky 
or Frenkel defects); for our type of materials, it is more likely that Schottky 
defects form when oppositely charged ions leave their lattice sites, creating 
vacancies [47]. In order to preserve an overall neutral charge in the ionic solid, 
these vacancies are formed in stoichiometric units and are free to move within 
the structure as discrete entities [47,48]. Since density measurements represent 
the only possibility to “detect” them [48], practically it is not easy to monitor 
and commensurate their contribution while not isolated from the 
microstructural effects of the bulk ceramics, and further relate them to the 
additional features in the dielectric response. In the case of the second possible 
origin proposed above, by it annealing would be also likely to obtain a 
preferential occupancy of the B-site with Sc3+ and Nb5+ cations which is 
dependent on the processing temperature, and thus to each quenched structure. 
In this study, it was not possible to refine the site-occupancy of the TTB 
structure due to the quality of the diffraction data available and thus determine 
the preferential distribution of cations on the different B-sites. By annealing at 
1250 °C the Ba6ScNb9O30 pellets previously sintered at various temperatures 
(1250, 1350 and 1400 °C), a slight improvement in the microstructure was 
obtained and a significant increase in the magnitude of both dielectric 
permittivity and loss was observed. However, the present study shows that the 
possible rearrangement of the crystal structure and changing the distribution of 
cations, by means of annealing the pellets at 1250 °C, does not eliminate the 
secondary dielectric processes which are clearly observable in the dielectric loss 
(and which still contributes to the dielectric permittivity). The VF analysis for 
the annealed samples at 1250 °C which were previously sintered at 1250, 1350 
and 1400 °C gives a wide range variation in lnf vs. Tm (VF) curves. The UDR 
analysis of the dielectric loss data has proved to be more sensitive to the 
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changes produced after annealing at 1250 °C; the contribution of the secondary 
dielectric processes to the main dielectric process is reduced and it is possible to 
separate the two. While for the sample previously sintered at 1400 °C, the two 
processes are still overlapped in the UDR analysis but the overall m vs. T curve 
resembles much more the plots of the samples sintered at 1250 °C and 1350 °C 
only. The UDR analysis has greatly contributed to the separation of the 
dielectric processes, having an important impact for understanding the origin of 
the secondary processes, while their total elimination was not a simple task up 
to now.  
With the annealing study at 1250 °C, a significant enhancement of the 
dielectric data and a partial elimination of the secondary dielectric processes 
have proved to be effective. Extensive annealing experiments at several high 
temperatures and cycles, doubled by annealing under oxygen rich atmosphere 
and together with neutron diffraction studies of the respective ceramics, may 
however indicate the presence of defects and ultimately discriminate between 
them and the preferential B-site occupancy with M3+ and Nb5+ cations. 
 
5.5 Summary of Chapter 5 
 
In this chapter the reproducibility of the synthesis, acquisition and 
analysis of dielectric spectroscopy data of the Ba6ScNb9O30 was investigated.  
The extensive parametric study for improving the handling, fitting and 
interpretation of the data was carried out by focusing on the mathematical 
limitations of the Vogel-Fulcher (VF) fitting to dielectric permittivity. Since it 
was shown that using only a direct VF “free-fit” it is difficult to obtain a unique 
set of results, several other ways of conducting the evaluation were employed. 
Restricted fits were attempted to fit the Tm(f) data for Ba6ScNb9O30 and also 
those reported by Viehland et al. [3] for PbMg1/3Nb2/3O3 with 10 at % lead 
titanate ceramic. Different values (within a wider range) for one of the VF 
relaxation parameters were imposed and successfully fitted the experimental 
dielectric permittivity data. For both types of ceramics, the set values for the 
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fundamental frequency, f0, were in the range of value obtained in the free-fit ± 
two orders of magnitude; for the intermediate values of f0, the Vogel-Fulcher 
equation fits the Tm(f) data very well, while towards the extreme values, it fits 
the middle range Tm(f) data adequately, however at high and low experimental 
frequencies the fit has decreased in quality. It was also shown to be practically 
impossible to estimate a precise f0 value, or to perform an accurate VF fit of 
experimental data in such limited frequency ranges and subsequently 
extrapolate over many orders of magnitude, in order to obtain the other two 
interrelated VF parameters. With no rigorous discrimination criterion, the only 
possibilities remaining for finding invariant values of the VF parameters would 
be either to determinate one of the three VF parameters by using other 
experimental method(s), or by making theoretical assumptions.  
Besides the inconveniences produced by employing the Vogel-Fulcher 
model which has provided uncertain fundamental parameters as a result of the 
multiple satisfactory fitting possibilities due to small variations in the Tm(f) data, 
other influences such as the preparative conditions and the thermal processing, 
in addition to the dielectric spectroscopy measuring conditions also affect the 
the relaxation parameters obtained. For the reproducibility study of the samples 
prepared in the same conditions as: a) a singular batch or b) different batches, 
similar dielectric permittivity and dielectric loss curves (shape and magnitude) 
were obtained, with only little differences between the two samples belonging 
to different batches. In this second case of two batches, for high frequencies, the 
data are in good agreement, while decreasing the applied frequency the data 
sets diverge: at f = 100 Hz, the difference between the Tm values obtained is 
maximal (3 K), this being a consequence of the inherent fluctuations in the 
experimental conditions. This has important connotations on the evaluation of 
the VF parameters (i.e., TVF = 85.42 ± 7.89 K and 107.14 ± 5.30 K, respectively). In 
both cases, for the UDR analysis, the data points corresponding to all samples 
practically overlap and the extrapolations provide very similar freezing 
temperatures. The UDR analysis is less sensitive to minor fluctuations of the 
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experimental conditions, with a more consistent description of the relaxation 
behaviour.  
The measuring conditions during data acquisition also affect the values 
of the dielectric data and subsequently the fundamental parameters of 
relaxation. The effect of: a) cooling vs. heating; and b) cooling rate on the 
dielectric spectroscopy data for the same Ba6ScNb9O30 pellet was therefore 
investigated. By employing the same rate of 2 K·min-1 on both cooling and 
heating, similar dielectric permittivity and dielectric loss curves (shape and 
magnitude) were obtained, but on heating they were displaced to lower 
temperatures (at low frequencies diverging the most: i.e. at f = 316.55 Hz with 
7.3 K) from the cooling experiment. This has significant influence on the 
evaluation of the VF parameters and could be simply explained by thermal lag 
between the sample and thermocouple. The effect of the cooling rate has a large 
influence on the VF representation, with the curves diverging the most at low 
frequencies (∆Tm = 7.2 K at f = 316.55 Hz, for the extreme cooling rates of 1 
K/min and 20 K/min, respectively). As a result there is significant variation in 
the VF parameters obtained i.e., TVF = 124.82, 85.42 and 134.44 K for the cooling 
rates of 1, 2 and 20 K/min, respectively. UDR plots of the dielectric loss data are 
much more consistent compared to the VF plots not only in the case of cooling 
vs. heating, but also for the three different cooling rates. UDR analysis proves to 
be successful for obtaining consistent temperatures of dipole freezing, the only 
remaining issue consisting in assigning the different slopes of the linear trends 
for ultimately identifying the possible dielectric processes.  
The thermal processing conditions (sintering at 1250, 1350 and 1400 °C, 
and subsequent annealing at 1250 °C) of Ba6ScNb9O30 pellets also have a large 
influence on the reproducibility and quality of the dielectric data, while the 
microstructure was not greatly influenced. With increasing sintering 
temperature, the dielectric curves are less sharper and decrease the magnitude 
of ε’max and ε”max; moreover, secondary relaxation process appear and 
denaturate the main relaxation peaks changing significantly the characteristic 
dielectric parameters (~ 10 K difference between Tm values at f = 316.5 Hz for 
samples sintered at 1350 and 1400 °C). The VF plots have different curvatures 
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and are shifted with temperature, but do not exhibit any systematic variation, 
and consequently nor do the obtained VF relaxation parameters. For UDR 
analysis, the m vs. T plots flatten with increasing the sintering temperature 
providing different TUDR values each time for both dielectric processes. The 
secondary dielectric processes are present in the dielectric data, however they 
are not distinguishable from the main relaxation peak in the dielectric 
permittivity and appear only as a shoulder in the dielectric loss peaks. In order 
to understand the origins and eliminate the secondary dielectric processes, an 
annealing study (by heating previously sintered pellets at 1250 °C) was carried 
out. Although microstructure improved slightly, and a significant increase in 
the magnitude of both dielectric permittivity and loss was observed, it not 
possible to eliminate totally the secondary processes, but only to enhance the 
main relaxation. This change in dielectric response (secondary dielectric 
processes) with the thermal synthesis conditions was proposed to be assumed 
to two reasons: a) formation of defects in the crystallographic structure or b) 
preferential occupancy of the B-site with Sc3+ and Nb5+ cations. Due to limited 
quality of the diffraction data available, we were not able to discriminate 
between the two possible origins and thus clarify this issue. After annealing at 
1250 °C, the effects of these parasitic (secondary) processes only attenuate in the 
dielectric curves, while in the VF analysis a distribution of lnf vs. Tm values and 
hence variation in VF curves were observed. However, the UDR analysis of the 
dielectric loss data allowed a better separation of the two dielectric processes – 
partial deconvolution – for the pellets previously sintered at 1250 and 1350 °C. 
For the sample previously sintered at 1400 °C and annealed further at 1250 °C, 
the UDR (m vs. T) plot “recovered” from its flattened, merged and overlapped 
appearance, resembling much more to samples sintered at 1250 °C or at 1350 °C 
only. Because in this case the two processes are still overlapped, the need for 
increasing the number of thermal processing cycles at 1250 °C becomes evident; 
lower processing temperatures would be even better since when annealing at 
1250 °C the dielectric permittivity maximum has reached the saturation value. 
The UDR analysis method is shown to be less sensitive to fluctuations in the 
data, and can be employed to provide more repeatable and reliable results if the 
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processing or physical measuring conditions are chosen wisely. However, the 
ultimate assignment of the different m vs. T linear regions in the UDR plots 
cannot be made without a complete understanding of the dielectric processes. 
The present study has shown that the thermal processing conditions 
(temperature of sintering and any subsequent annealing) are key factors during 
the synthesis of ceramic materials with the tetragonal tungsten bronze 
structure. This dramatically influences their structure and thus their relaxor 
properties by introducing additional features in the dielectric response.  
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Chapter 6 
 
Conclusions and Further Work 
 
 
 In the recent years, perovskite-related tetragonal tungsten bronzes (TTB) 
have begun to acquire more interest in the research community because they 
exhibit extended compositional flexibility and the possibility for cation ordering 
over crystallographically distinct sites that may offer better ways of attaining 
room temperature ferroelectricity and (anti)ferromagnetism (i.e., multiferroic 
behaviour) and eventually magnetoelectric coupling. The possibility to 
accommodate various cations within the five available sites (two pairs of non-
equivalent A- and B-sites and a C-site) of the flexible TTB structure with general 
formula (A1)2(A2)4(C)4(B1)2(B2)8O30, gives the prospect of finding practically 
infinite interesting and useful novel materials, and to tune the electric and 
magnetic properties through a wide range of compositional variations. 
  
6.1 Conclusions of the current study 
 
 In the present thesis, the B-site doping effects on the structure-property 
relations of TTBs were investigated. Generally, most of the reported TTB 
compounds display relaxor-type behaviour rather than a pure ferroelectric one; 
starting from the widely studied Ba6FeNb9O30 composition, the Fe3+ was 
replaced by other trivalent species of similar size, but which do not have 
variable oxidation states. The full structural and dielectric characteristics of 
these materials were studied to understand to a greater extent the relaxor 
properties in the family of TTBs Ba6M3+Nb9O30 (M3+ = Ga3+, Sc3+ and In3+), 
including their solid solutions. These materials are not relaxor 
ferroelectrics/polar dielectrics, but proved to be relaxor dielectrics/dipolar 
dielectrics, better described by a “dipole glass” type model.  
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 In Chapter 3, the dynamic dipole response was characterised by a 
combination of electrical measurements (dielectric and impedance 
spectroscopy), and crystallographic studies using powder neutron diffraction as 
function of temperature. In a first approximation for obtaining the fundamental 
dipolar relaxation parameters (Tf, Ea, f0), the dielectric response was successfully 
analysed by independently fitting the dielectric permittivity to Vogel-Fulcher 
(VF) model, and the dielectric loss to the Universal Dielectric Response (UDR) 
model, and where possible to an Arrhenius model. Structurally, all three 
compounds undergo non-linear thermal contraction in the short c-axis resulting 
in tetragonality maxima at a characteristic temperature, Tc/a, with the dipolar 
response dominated by local, non-cooperative displacement of B1 cations in the 
c-axis (the B1 site contributing the most to the dielectric response). The dipole 
stability and the magnitude of displacement increases with increasing M3+ 
cation size (or average B-cation size) as a result of increased tetragonality of the 
unit cell; therefore, the crystal anisotropy is entirely consistent with the 
observed dielectric properties and suggests a linear increase in Tc/a with B-cation 
size. The characteristic temperatures: Vogel-Fulcher temperature, TVF; TUDR 
corresponding to absolute flattening of the dielectric loss peak in the frequency 
domain; and Tc/a corresponding to the maximum crystallographic tetragonal 
strain, are all consistent with the slowing and eventual freezing of a dipolar 
response in these materials at the dipole freezing temperature Tf, and may be 
used as a direct metric of the thermal stability of the dipoles. 
In Chapter 4, the in-depth analysis of the relaxor behaviour revealed that 
with the stepwise increase of the ionic radius of the M3+ cation on the B-site 
within the Sc-In solid solution series, the Vogel-Fulcher curves (lnf vs. Tm) are 
displaced to higher temperatures, while the degree of relaxation increases. The 
extrapolation of the Vogel-Fulcher fit for different samples of Sc and In 
analogues prepared once more under similar synthesis conditions to those 
studied in chapter 3 provided very different fit parameters than those obtained 
previously; the linear trend of the TVF with M3+ cation size within the Sc-In 
series is no longer observed because the dielectric data are very sensitive to 
preparative conditions and also because of uncertainties produced by the 
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Vogel-Fulcher fitting itself. In particular, the magnitude of TVF varied 
significantly samples of the same composition. By imposing fixed TVF or f0 
parameters in the VF equation (representing physically sensible values obtained 
in Chapter 3), reasonable or even very good fitting of the data and numeric 
results for the other fundamentals parameters were obtained.  It was shown 
that Vogel-Fulcher fits can provide inconsistent and random fundamental 
parameters. In addition, the presence of secondary dielectric processes 
contribute to the permittivity data and the resulting change in the VF 
representation results in a wide variation in the fit parameters. The combined 
use of other models such as the Arrhenius and the more robust Universal 
Dielectric Response models to fit the dielectric loss data may provide a more 
consistent method for the general understanding of the relaxation processes. 
These approached also allow better detection of the various additional dielectric 
relaxation processes that appear and overlap with the main relaxation. In the 
UDR representation of the dielectric loss data, three dielectric processes are 
clearly exhibited; unfortunately, it is practically impossible to totally separate 
the main relaxation from the second dielectric processes. The m gradient has, 
however, a steady decrease with temperature that may be regarded as three 
distinct parts for all the intermediate Sc-In solid solutions, while the slopes in 
the temperature ranges that correspond to the main dielectric process 
extrapolate to very similar TUDR (when m = 0). Therefore, a similar temperature 
barrier of dipolar freezing may be proposed for all Sc-In solid solution samples, 
which may be characteristic to this group of TTB materials with B-site dopant 
species of comparable ionic radii. 
In Chapter 5, the extensive parametric study for improving the handling, 
fitting and interpretation of the dielectric data of Ba6ScNb9O30 focused on the 
mathematical limitations and applicability of the Vogel-Fulcher fitting. Previous 
results indicating an unreliable “free-fit” to the VF expression were reinforced 
by the impossibility of obtaining a unique set of fundamental parameters for a 
given composition. By imposing different values within a wider range for one 
of the fundamental relaxation parameters (i.e. for the fundamental frequency, f0, 
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which were chosen in the range of values obtained in the free-fit ± two orders of 
magnitude), the experimental dielectric permittivity data were successfully 
fitted by employing the VF model, and the other two VF parameters obtained 
were continuously and significantly changing. It is practically impossible to 
estimate a precise f0 value, or to perform an accurate VF fit of experimental data 
by extrapolating over many orders of magnitude, when only such limited 
frequency ranges are available. Moreover, the degree of uncertainty increases 
severely when small variations in the Tm(f) data appear, mainly due to other 
influences such as: sample reproducibility e.g. different pellets/different 
batches; the thermal processing conditions e.g. sintering or annealing 
temperature; and also the dielectric spectroscopy measuring conditions e.g. 
cooling vs. heating or different cooling rates. Generally, the UDR analysis is less 
sensitive to fluctuations in the experimental conditions, with the UDR plots of 
the dielectric loss being much more consistent with the description of the 
relaxor behaviour compared to the VF plots of the dielectric permittivity; the 
only remaining issue resides in assigning the different slopes of the linear 
trends for ultimately identifying the possible dielectric processes. While the 
thermal processing conditions did not significantly affect the morphology of the 
pellets, they had a large influence on the reproducibility and quality of the 
dielectric data; high sintering temperatures (mainly 1400 °C), and to a lesser 
extent also lower temperatures (1350 and 1250 °C) induced the formation of 
secondary parasitic dielectric process that entirely denaturated the dielectric 
peaks and made impossible all attempts of evaluating the relaxation 
parameters. This change in dielectric response with the thermal synthesis 
conditions could be assumed either to the formation of defects in the 
crystallographic structure or to the preferential occupancy over the B-sites of 
the Sc3+ and Nb5+ cations. Even after annealing at 1250 °C, the effects of these 
parasitic processes in samples sintered at the highest temperatures only 
attenuate in the dielectric curves, while in the VF plots a significant (and 
random) distribution of lnf vs. Tm values was observed. Fortunately, after 
annealing, the UDR analysis of the dielectric loss data allowed for partial 
deconvolution (for the pellets previously sintered at 1250 and 1350 °C), while 
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for the sample previously sintered at 1400 °C, the UDR (m vs. T) plot 
“recovered” and resemble now much more to that of samples sintered only at 
lower temperatures. The need for increasing the number of thermal cycles at 
1250 °C, or even at lower temperatures, becomes evident in order to completely 
separate the two dielectric processes which are still overlapped. By employing 
adequate processing and physical measuring conditions, one may conclude that 
the UDR analysis method may successfully provide repeatable and reliable 
results.  
In the present study it was shown how important the processing 
conditions, particularly the temperature of sintering and any subsequent 
annealing, are for the optimisation of dielectric properties of ceramics with the 
tetragonal tungsten bronze structure. It is important to note that this is not due 
to any great degree of improvement in the density and microstructure, but is 
due to more subtle effects. These might include the distribution of cations 
and/or formation of intrinsic defects within the structure and which manifest as 
additional features in the dielectric response, dramatically influencing the 
relaxor properties. Therefore, preparing ceramic materials in singular 
conditions – especially at one temperature, may lead to erroneous results that 
and are not enough for reliable conclusions to be drawn.  
When reporting a set of values for the relaxation parameters, the fit 
should not be carried out blindly only by using a simple VF free-fit, but in many 
cases, where a free fit results in unrealistic physical parameters, by choosing 
and assuming a realistic restricted fit. The Vogel-Fulcher model proved to be 
extremely sensitive to minor fluctuations in the preparation parameters of the 
pellets and in the measuring conditions of dielectric data, and the obtained VF 
relaxation parameters being out of acceptable, physically meaningful limits. 
Unless the understanding and selection of raw data is not complete and 
carefully performed, the Vogel-Fulcher model should definitely be avoided; 
dielectric loss data and the combination of the Arrhenius and UDR models 
represent a more reproducible alternative to the evaluation of the fundamental 
relaxation parameters and a step forward to the understanding of the dielectric 
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processes in these materials, and most likely other oxides. Since the UDR model 
offers reproducible analyses and invariant temperatures of dipole freezing, the 
single remaining issue regarding the ultimate assignment of the different m vs. 
T linear regions in the UDR plots has to be attempted in correlation with the 
influence of thermal processing of the ceramic pellets.  
With no rigorous discrimination criteria, in order to obtain correct and 
reproducible fundamental relaxation parameters, the only possibilities for 
feasible evaluation procedures would be either to determine one of the three 
fundamental parameters by using other experimental method(s), or by making 
theoretical assumptions; therefore, the modelling methods discussed and 
employed here, need to be still extensively studied. 
 
6.2 Further work emerging from the current study 
 
 The results obtained up to now, but also several issues remaining 
untested during this work, have opened a number of possible directions for 
future research. In the following, some of the areas for future research emerging 
from the current study are presented: 
• in order to have a wider understanding of the origins of the secondary 
dielectric processes, more experiments could be generally carried out at 
different sintering and annealing temperatures until the best separation 
of the secondary dielectric process to the main relaxation, and eventually 
its elimination, is obtained. The UDR model and diffraction techniques 
could be used for monitoring the evolution of the structure-dielectric 
property relations. 
• the pellets sintered and annealed at different temperatures, that were 
reported in this work, could be investigated by temperature dependent 
neutron diffraction in order to determine any preferential ordering of the 
Sc3+ and Nb5+ cations within the two different B-sites and their 
contribution to the dielectric processes. 
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• if the secondary dielectric processes are due to preferential cation 
distribution on the B-sites, attempts could be made to repeat annealing 
cycles at lower temperatures in order to better separate the dielectric 
processes in the UDR analysis. In addition, slow cooling and quenching 
experiments would provide valuable information on this possible 
process and that of defect concentrations. 
• in addition to slow cooling and annealing studies, field cooling 
experiments under a high voltage DC bias prior to, and during, dielectric 
measurements could be used to further and more conclusively test the 
relaxor dielectric vs. relaxor ferroelectric nature of these compounds. 
• the Vogel-Fulcher model has to be reconsidered and an alternative 
methodology could be developed for employing the compensation effect 
in order to obtain a unique set of invariant (with measuring conditions) 
fundamental parameters of the relaxation processes.  
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Appendix 
 
Appendix 1.1 
Glossary of characteristic temperatures and fundamental 
parameters for the relaxation processes 
 
Ea (J) – the activation energy of local polarisation that may be associated with  
the mean height of the potential barrier which an elementary dipole shall  
overcome in order to flip. 
f (Hz) – the frequency of the perturbation/applied AC electric field. 
f0 (Hz) – the fundamental attempt or limiting response frequency of the dipoles  
between the flip. 
fp (Hz) – the frequency of maximum dielectric loss or of maximum dielectric  
permittivity at certain temperature T, in the ε”(f) or in the ε’(f)  
representation, signifying the dielectric relaxation frequency. 
k – the Boltzmann constant: 1.38×10-23 J·K-1 or 8.617×10-5 eV·K-1. 
m – the frequency exponent of ε″(f) below the frequency of maximum dielectric  
loss, fp, representing the positive (left-side) slope gradient in the Jonscher  
universal dielectric response (UDR) model. Condition: 0 ≤ m. 
n – the frequency exponent of ε″(f) above the frequency of maximum dielectric  
loss, fp, representing a component of the negative (right-side) slope  
gradient in the Jonscher universal dielectric response (UDR) model. 
Condition: n-1 ≤ 0. 
T (K) – the temperature at which the measurement of the dielectric data were  
collected for several applied AC frequencies f.  
Tc/a (K) – the characteristic temperature of the maximum tetragonality (c/a ratio  
is maximal) that corresponds to the temperature of the maximum  
anisotropy, and which  is probable to describe the static dipole freezing  
temperature, Tf; a and c are the lattice parameters of a ceramic compound  
with the tetragonal tungsten bronze (TTB) structure. 
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TD (K) – the Burns temperature: the temperature where the polar nanoregions  
(PNRs) start to nucleate and grow with decreasing temperature. 
Tf (K) – the characteristic temperature of relaxors, representing the dipole  
freezing temperature below which the system becomes non-ergodic (for 
long times, the polarisation is frozen and it is only likely to be in limited 
number of states). 
Tm (K) – the temperature of maximum dielectric permittivity or of the  
maximum dielectric loss at certain frequency f, in the ε’(f) or in the ε”(f)  
representation respectively;  the number of Tm values represent the  
temperature dependence of a spectrum of relaxation times that probe the  
dynamics and population profile of the dipolar response as a function of  
temperature (at T>Tf). 
TUDR (K) – the characteristic Vogel-Fulcher temperature which often describes  
the static dipole freezing temperature, Tf, and which may correspond to  
slowing of the longest mean relaxation time by extrapolation to zero of 
the positive slope gradient, m (ε″ ∝ f -m for f < fp). 
TVF (K) – the characteristic Vogel-Fulcher temperature which often describes the  
static dipole freezing temperature, Tf, and which may be obtained by 
fitting the (lnf vs. Tm) representation of the dielectric permittivity data to 
the Vogel-Fulcher model. 
τ – the relaxation time, it is the reverse of the angular frequency of the peak  
maxima, τ = ωp-1 = (2pifp)-1 . 
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Appendix 2.1 
Other possible equivalent circuits [1] 
 
 
Appendix 2.2 
Equations for real axis intercepts in all four formalisms  
for the three equivalent circuits in Appendix 2.1 [1] 
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